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INTRODUCTION 
High  Altitude  Experiences  of  Man 

\he  most  important  physiological  activity  affected  by  the  low 
atmospheric  pressures  encountered  at  high  altitudes  is  the  maintenance 
of  adequate  gaseous  exchange.    The  current  global  war,  in  which  aircraft 
are  so  important,  requires  that  many  men  encounter  high  altitudes  daily. 
Furthermore,  transportation  and  commerce  by  air  are  such  indispensable 
enterprises  that  any  associated  problem  of  physiology  becomes  an  impor- 
tant one.    The  procurement  of  valuable  natural  resources  on  high  moun- 
tains requires  habitation  at  altitudes  at  which  the  respiratory  processes 
are  affected.    And,  on  occasion,  special  ascents  to  high  altitudes  are 
made  for  securing  scientific  d<-ta.    Hence  the  problem  of  respiration  in 
man  at  high  altitudes  is  timely  and  important. 

Definition  of  Respiration 

Respiration  may  be  defined  as  the  gaseous  exchange  occurring  between 
the  body  tissues  and  the  atmosphere  surrounding  the  body.    The  processes 
of  gaseous  exchange  between  the  atmosphere  and  the  transmitting  medium, 
the  blood,  are  frequently  designated  as  external  respiration.  The 
processes  of  transportation  and  exchange  of  gases    by  the  blood  to  and 
from  the  body  tissues  will  be  termed  internal  respiration. 

External  Respiration.    External  respiration  involves  the  passage  of 
air  through  the  nose  or  mouth,  through  the  trachea,  the  bronchi,  the 
bronchioles,  into  the  alveoli  or  air  sacs  of  the  lungs  and  out.  The 


• 


rate  and  depth  of  the  respiratory  movements,  regulated  by  the  nervous 
system,  determine  the  volume  of  air  ventilating  the  lungs.    The  gases 
contained  in  the  lungs  seek  to  establish  themselves  in  equilibrium  with 
the  surrounding  material  by  diffusing  through  the  capillary  walls  into 
the  blood.    As  soon  as  the  partial  pressure,  or  tension,  in  the  blood 
and  in  the  lungs  are  in  equilibrium,  the  diffusion  ceases.    In  the  case 
of  oxygen,  hemoglobin  contained  in  the  blood  reacts  with  oxygen  to  form 
oxyhemoglobin.    This  process  permits  considerable  oxygen  to  diffuse 
into  the  blood  before  the  partial  pressure  of  oxyhemoglobin  has  reached 
an  equilibrium  with  the  air  in  the  alveoli  of  the  lungs.    Blood,  on 
reaching  the  capillaries  of  the  lungs,  contains  a  concentration  (partial 
pressure)  of  carbon  dioxide  higher  than  that  of  the  air  in  the  alveoli. 
Hence  diffusion  of  carbon  dioxide  takes  place  from  the  blood  into  the 
alveolar  air  until  the  partial  pressures  are  in  equilibrium. 

Internal  Respiration.    The  term  "internal  respiration"  is  usually 
restricted  to  the  exchange  of  gases  between  the  cells  and  the  fluid 
surrounding  them.    In  this  definition  the  transport  of  gases  from  the 
blood  capillaries  of  the  lungs  to  the  cells  and  their  return  is  not 
included.    But  the  term  "internal  respiration"  will  be  used  here  to 
include  the  transport  of  gases  by  the  blood  as  well  as  the  exchange  of 
the  gases  between  the  blood  and  the  cells. 

Sufficient  red  corpuscles  and  hemoglobin  in  the  blood  and  adequate 
circulation  of  the  blood  are  necessary  for  the  transportation  of  the 
oxygen  to  the  cells.    The  composition  and  circulation  of  the  blood  are 
regulated  (as  is  the  external  respiration)  by  the  sensitivity  of  the 


nervous  system  to  changes  in  chemical  composition  in  the  blood. 

The  exchange  of  gases  between  the  tissues  and  the  blood  involves 
partial  pressure  differentials.    In  the  case  of  the  tissues,  carbon 
dioxide  at  high  partial  pressures  is  present  in  solution  and  hence  will 
diffuse  readily  into  the  blood  where  it  is  carried  in  various  forms. 
Oxygen  transfer  does  not  take  place  as  easily  as  does  carbon  dioxide 
transfer.    The  pressure  of  oxygen  in  the  blood  has  a  fixed  maximum  per- 
centage,   and  therefore  the  differential  between  the  pressure  in  the 
blood  end  the  pressure  in  the  tissues  is  not  great.    In  addition,  the 
distance  between  the  cell  and  the  nearest  functioning  capillary  may  be 
such  that  the  supply  of  oxygen  in  the  blood  may  not  equal  the  oxygen 
consumption.    Such  a  condition  activates  other  mechanisms  to  accommodate 
the  need.    The  production  of  c<?rbon  dioxide  and  the  utilization  of  oxy- 
gen in  the  tissues,  although  a  part  of  a  broad  interpretation  of  inter- 
nal respiration,  are  phases  of  such  magnitude  and  importance  that  they 
can  not  be  considered  here. 

Regulation  of  Respiration 

Adequate  gaseous  exchange  for  the  various  activities  of  life  is 
produced  by  mechanisms  controlled  by  a  number  of  conditions.  The 
regulation  of  these  mechanisms  is  effected  by  nervous  control  from 
several  respiratory  centers. 

Respiratory  Centers.    The  regulation  of  respiratory  movements  by 
nervous  control  involves  portions  of  the  central  nervous  system  which 
may  be  designated  as  respiratory  centers.    Certain  portions  of  this 
system  are  concerned  almost  entirely  with  respiratory  function  while 


other  portions  are  concerned  only  in  part  with  respiration.  The 
portions  concerned  chiefly  with  respiration  are  located  in  the  hind 
brain.    The  respiratory  centers  maintain  the  normal  rhythmic  impulses 
which  produce  the  corresponding  rhythmic  movements  of  the  respiratory 
musculature. 

Respiratory  movements  are  altered  by  the  chemical  composition  of 
the  blood  in  two  ways.    The  respiratory  centers  react  directly  to 
changes  in  the  composition  of  the  blood  supplied  to  them,  and  in  addi- 
tion there  are  chemoreceptors  in  the  aortic  body  and  in  the  carotid 
body.    Nonidez  (1937)  believes  that  there  are  also  pressoreceptors  in 
the  walls  of  arterioles  within  the  aortic  body.    Receptors  in  the  c  .rotid 
sinus  react  to  changes  in  pressure.    Comroe  and  Schmidt  (1938)  have  found 
that  the  carotid  sinus  receptors  are  sensitive  only  to  pressure  and  the 
receptors  of  the  carotid  body  are  sensitive  only  to  chemical  changes, 
(fcuratori  (1934)  found  a  pulmonary  body  in  man,  between  the  aorta  and 
the  pulmonary  arteries,  but  as  yet  no  function  has  been  attributed  to 
it. )    The  chemoreceptors  and  the  pressoreceptors  react  through  reflex 
innervation  to  changes  of  composition  and  pressure  of  the  blood,  respect- 
ively.   At  present  it  is  not  known  to  what  extent  each  of  the  respiratory 
nervous  regulators  determine  changes  in  respiration.    Hence  no  distinc- 
tion will  be  made  between  the  respiratory  responses,  initiated  reflexly 
by  the  chemoreceptors,  ?nd  the  direct  responses  from  the  respiratory 
centers,  produced  by  the  chemical  changes  in  the  blood. 

Blood  Composition.    A  change  of  the  cnrbon  dioxide  tension,  of 
oxygen  tension,  or  of  the  pH  of  the  blood  causes  respiratory  changes. 
Normally  the  crrbon  dioxide  tension  of  the  arterial  blood  is  about 


40  mm.  of  Hg.     (This  is  also  the  partial  pressure  of  the  alveolar  air.) 
When  the  arterial  partial  pressure  falls  below  the  normal  level  it  tends 
to  slow  or  temporarily  stop  respiration.    When,  for  any  of  the  several 
reasons  to  be  discussed  later,  the  carbon  dioxide  partial  pressure 
exceeds  this  level,  respiration  is  stimulated  either  in  depth,  fre- 
quency, or  both.    The  result  will  be  a  greater  respiratory  ventilation 
causing  increased  gaseous  exchange. 

Oxygen  partial  pressures  in  the  arterial  blood  lower  than  normal, 
result  in  greater  respiratory  exchange.    According  to  Henderson  (1938) 
the  low  oxygen  tension  is  not  in  itself  a  stimulus,  but  rather  it 
increases  the  excitability  of  the  respiratory  center.    By  this  means 
a  normal  tension  of  carbon  dioxide  with  a  low  oxygen  tension  would 
produce  lung  ventilation  above  that  normally  occurring. 

Accompanying  the  increase  in  carbon  dioxide  tension  of  the  blood, 
there  is  also  a  change  in  the  level  of  the  pH  of  the  blood.    The  possi- 
bility that  the  response  of  respiration  is  regulated  by  the  acidity  of 
the  blood  rather  than  by  carbon  dioxide  itself  has  not  been  definitely 
eliminated.    However,  when  acid  is  introduced,  combined  carbon  dioxide 
in  the  blood  is  released  so  that  changes  in  pH  may  stimulate  respira- 
tion through  the  medium  of  the  carbon  dioxide  increase. 

Many  attempts  have  been  made  to  assign  the  respiratory  control  to 
a  single  factor  such  as  pH  level,  carbon  dioxide  or  oxygen  tensions. 
Probably  the  reason  an  agreement  on  the  regulating  factor  has  failed, 
is  that  no  one  factor  is  in  control  at  all  times.    It  is  likely  that 
seveml  conditions  contribute  a  share  in  the  control  of  respiration, 


and  the  resulting  response  is  that  elicited  by  the  relative  importance 
of  each  under  any  given  condition. 

Factors  Altering  the  Gas  Tensions  of  the  Blood.    The  production  of 
carbon  dioxide  and  the  consumption  of  oxygen  are  increased  with  muscular 
exertion.    Eoth  internal  and  external  respiration  will  be  increased  by 
the  resulting  alterations  in  the  carbon  dioxide  and  oxygen  tensions. 
Probably  one  of  the  chief  elements  controlling  the  limit  of  metabolic 
level  is  the  ability  of  the  respiratory  system  to  cope  with  the  demands 
made  upon  it.    The  usual  upper  limits  of  the  lung  ventilation  or  minute 
volume  are  65  to  100  liters  per  minute,  but  minute  volumes  as  high  as 
125  liters  per  minute  are  recorded.    These  high  ventilation  rates  imply 
an  oxygen  debt.    It  is  a  question  whether  the  limiting  factor  is  the 
physical  makeup  of  the  body  or  the  ability  of  the  blood  to  transport 
the  gases. 

Another  element  regulating  the  tension  of  carbon  dioxide  and  of 
oxygen  in  the  blood  is  the  dead  space  of  the  respiratory  system.  The 
respiratory  dead  space  is  the  volume  of  air  which  remains  in  the  respi- 
ratory passages  on  expiration  and  which,  therefore,  becomes  rebreathed 
at  the  next  inspiration.    The  larger  this  volume  the  greater  the  lung 
ventilation  required  to  maintain  the  partial  pressure  at  the  normal 
level.    Although  the  dead  space  is  relatively  constant  inside  the  body, 
when  respiratory  appliances  are  worn  (as  during  flight)  additional  dead 
space  is  introduced  which  alters  the  blood  tensions. 

The  extent  of  lung  ventilation  is  ordinarily  the  result  of  the 
factors  regulating  respiration,  but  when  respiration  is  increased 


voluntarily  or  in  violent  sneezing  or  gasping  the  carbon  dioxide  may  be 
washed  out  sufficiently  by  overventilation  to  lower  the  carbon  dioxide 
tension  of  the  blood.    By  breath  holding, temporary  anoxemia  may  be  pro- 
duced   accompanied  by  an  increased  carbon  dioxide  tension.    In  such 
instances,  respiratory  control  is  taken  over  within  a  short  time  by  the 
chemical  and  physical  factors  involved  and  suitable  ventilation  results. 

The  amount  of  oxygen  which  a  man  removes  from  the  inspired  air  (the 
oxygen  utilization)  is  an  individual  characteristic.    The  lung  ventila- 
tion is  controlled,  in  part,  by  oxygen  utilization  so  that  sufficient 
gaseous  exchange  will  be  maintained  for  various  metabolic  conditions. 

The  composition  of  the  air  breathed  affects  the  partial  pressure 
of  the  blood  gases  regulating  respiration.    Air  with  high  cc-rbon  dioxide 
content  stimulates  respiration.    Likewise  air  with  low  oxygen  tension 
stimulates  respiration.    Breathing  high  percentages  of  oxygen  reduces 
lung  ventilation  and  lowers  the  pulse  rate. 

The  partial  pressure  of  oxygen  in  the  inspired  air  is  lowered  either 
by  a  decrease  in  the  percentage  of  oxygen  in  the  air,  or  by  a  decrease 
in  total  barometric  pressure  and  no  change  in  the  composition  of  air. 
Low  barometric  pressure  is  encountered  at  high  altitudes. 

Physical  Factors.    Physical  factors  as  well  as  chemical  factors 
control  respiratory  movements.    The  Hering-Breuer  reflexes,  which  inhibit 
and  augment  respiratory  movements  when  the  lungs  are  strongly  inflated 
and  collapsed,  respectively,  are  well  known.    Stretching  of  the  crrotid 
sinus  and  the  aortic  arch  cause  a  decrease  in  pulmonary  ventilation, 
heart  rate,  and  blood  pressure.    An  increase  in  blood  pressure,  acting 
in  part  through  the  pressoreceptors  previously  mentioned,  decreases 


respiratory  ventilation.    A  fall  in  blood  pressure  accelerates 
respiration. 

Components  Affecting  Internal  Respiration.  Intimately  tied  up  with 
the  factors  directly  controlling  external  respiration  are  those  involved 
in  internal  respiration. 

A  small  amount  of  oxygen,  0.36  ml.  per  100  ml.  of  blood,  is  held  in 
physical  solution  when  air  is  breathed  at  sea  level.    When  pure  oxygen 
is  breathed  at  sea  level  the  maximum  quantity  of  oxygen  held  in  solution 
is  2.2  ml.  per  100  ml.  of  blood.    The  hemoglobin  of  the  blood  reacts 
with  oxygen  to  form  oxyhemoglobin.    Hemoglobin  in  the  blood,  at  body 
temperature,  can  combine  with  18.5  ml.  of  oxygen  per  100  ml.  of  blood. 
The  hemoglobin  in  the  arterial  blood  is  about  96  per  cent  saturated  with 
oxygen.    Thus,  17.8  ml.  of  oxygen  are  present  under  these  conditions. 

The  hemoglobin  does  not  come  directly  in  contact  with  the  tissues, 
hence  the  oxygen  must  diffuse  through  the  plasma  and  other  tissue  fluids. 
Oxygen  diffusion  is  regulated  by  a  pressure  differential.    The  pressure 
of  oxygen  in  arterial  blood,  which  is  in  equilibrium  with  the  oxygen 
pressure  in  alveolar  air,  is  about  100  mm.  of  mercury.    The  amount  of 
oxygen  removed  from  the  blood  is  regulated  by  the  rate  at  which  oxygen 
is  being  used.    In  a  resting  muscle  a  large  number  of  blood  capillaries 
are  not  filled  with  blood,  so  that  transport  of  the  gases  is  over  a 
considerable  distance,  but  when  activity  increases,  the  capillaries 
throughout  the  muscle  become  filled  with  blood,  and  the  diffusion  of 
gases  is  over  a  much  shorter  distance.    The  pressure  differential 
required  for  a  short  diffusion  is  less  than  for  diffusion  over  a  greater 


distance,  and  hence  the  oxygen  pressure  in  the  blood  and  the  oxygen 
pressure  in  the  tissue  will  be  nearer  alike.    By  this  means  the  oxygen 
utilization  will  be  higher  during  muscular  activity.    The  oxygen  tension 
in  the  blood  can  never  become  zero.    Normally  the  tension  in  the  venous 
blood  is  approximately  40  mm.  of  mercury.    This  level  is  partly  dependent 
on  the  carbon  dioxide  content  of  the  blood  since  the  higher  the  carbon 
dioxide  content  of  the  blood  the  more  readily  the  oxygen  is  released. 

The  exact  means  by  which  blood  carries  carbon  dioxide  is  not 
entirely  clear.    The  plasma  is  one  agent  for  this  transport.    In  the 
plasma,  carbon  dioxide  combines  to  form  an  inorganic  bicarbonate. 
Hemoglobin  also  reacts  with  carbon  dioxide  to  form  carbamino  compounds. 
The  balance  between  carbon  dioxide  content  and  oxygen  content  of  the 
blood  produces  favorable  conditions  for  respiration.    In  the  tissue 
capillaries,  an  increase  in  carbon  dioxide  content  releases  more  oxygen, 
and  in  the  lung  capillaries,  as  carbon  dioxide  is  released,  the  blood 
has  a  greater  capacity  for  taking  up  oxygen,  so  the  optimum  condition 
exists  at  both  ends  of  the  cycle.    These  alterations  in  absorption  and 
release  of  carbon  dioxide  and  oxygen  are  due  to  alterations  of  hydrogen 
ion  concentration.    According  to  Gesell  (1939)  the  decrease  in  tissue 
hydrogen  ion  concentration  causes  a  greater  utilization  of  oxygen  by 
the  tissue. 

The  exchange  of  carbon  dioxide  takes  place  much  faster  in  the  body 
than  is  possible  in  an  inorganic  system.    The  increase  in  rate  of 
reaction  is  due  to  the  presence  of  an  enzyme,  carbonic  anhydrase,  present 
only  in  the  blood  corpuscles  and  in  pancreatic  tissue.  Carbonic 


anhydrase  accelerates  both  the  uptake  and  the  evolution  of  carbon 
dioxide. 

The  number  of  oxygen  carriers  and  their  individual  capacity  is 
another  factor  which  contributes  to  the  functioning  of  internal 
respiration.       Thus  the  number  of  red  cells  and  the  amount  of 
hemoglobin  must  be  considered.       An  inadequate  quantity  of  either 
would  hamper  respiration,  at  least  under  conditions  which  tax  the 
entire  respiratory  system.      Conversely,  an  increase  above  the  normal 
amount  can  be  of  aid  and  plays  an  important  role  at  high  altitudes. 

The  rate  of  circulation  of  the  blood  is  the  final  internal  factor 
to  be  mentioned*      It  is  not  possible  to  discuss  here  the  factors 
controlling  circulation.      As  the  blood  is  the  means  of  transporting 
the  respiratory  gases  from  the  lungs  to  the  tissues  and  from  the 
tissues  to  the  lungs,  the  rate  at  which  the  blood  makes  the  circuit 
is  important. 

To  summarize  the  normal  processes  of  respiration:    The  ventilation 
of  the  lungs  is  e  ff ected  by  musculature  under  the  nervous  control  of 
the  respiratory  centers.      The  rhythmic  impulses  from  these  centers 
are  altered  by  changes  in  the  tension  of  the  blood  gases.  Alterations 
from  the  normal  carbon  dioxide  tension  and  from  the  oxygen  tension 
in  the  blood  act  directly  upon  the  respiratory  centers,  and,  in 
addition,  by  reflex  control  through  chemoreceptors.      Alterations  are 
also  brought  about  by  physical  influences.      The  gases  exchanged  in 
the  lungs  are  transported  between  the  lungs  and  the  tissues  by  means 
of  the  blood.      The  factors  which  affect  external  respiration  also 
affect  the  transport  of  gases  by  the  blood* 


Causes  of  Respiratory  Difficulties  at  High  Altitudes.    The  first 
real  approach  to  the  correct  understanding  of  the  basic  problems  of 
respiration  at  high  altitudes  was  that  of  Paul  Bert  about  1878.  He 
demonstrated  that  the  physiological  difficulties  experienced  at  high 
altitudes  are  causes  by  a  reduction  in  the  amount  of  oxygen  available 
under  this  condition.       By  placing  men  in  a  steel  chamber  and  pumping 
out  some  of  the  air  he  was  able  to  produce  effects  similar  to  those 
experienced  by  men  at  high  mountain  elevations.      When  the  chamber  was 
filled  with  oxygen  and  the  total  pressure  reduced  the  symptoms 
previously  noted  did  not  occur. 

Today  we  are  well  aware  that  the  total  pressure  is  lower  as  the 
altitude  increases.     This  relationship  shown  in  Fig.  1  is  from 
Armstrong  (1939).      In  addition,  the  composition  of  the  atmosphere  is 
known  to  be  maintained  essentially  uniform,  there  being  0,03  per  cent 
carbon  dioxide,  20.940  per  cent  oxygen,  and  79.03  per  cent  nitrogen 
present.    These  two  factors,  composition  and  pressure,  determine  the 
total  quantity  of  each  gas  present  at  various  atmospheric  pressures 
and  hence  altitudes.      The  terms  partial  pressure  or  tension  are  used 
to  express  the  quantity  of  the  gases  present. 

In  the  lungs,  in  addition  to  carbon  dioxide,  oxygen,  and  nitrogen, 
water  is  present  in  gaseous  form  (water  vapor).      This  is  important, 
as  the  pressure  exerted  by  it  reduces  the  pressure  of  the  other  gases. 
The  pressure  of  water  vapor  is  determined  by  temperature  and  saturation. 
In  the  lungs  the  air  is  essentially  saturated  at  sea  level.    As  yet 
there  has  been  no  data  to  prove  that  this  factor  is  altered  by  lowered 
barometric  pressures,  and  hence  it  is  assumed  that  the  air  in  the  lungs 
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Curves  showing  relation  of  barometric  pressure  to  height.  The  upper 
curve  is  calculated  from  the  formula  given  by  Zuntz,  Loewy,  Muller,  and  Caspari, 
assuming  a  mean  temperature  of  15  C.  The  lower  curve  is  calculated  according 
to  the  I. C.A.N,  conventional  law  assuming  standard  conditions. 


Fig.  1.  The  Relation  of  Barometric  Pressure  to  Altitude, 
(from  Armstrong  1938,  p.  250) 


is  likewise  saturated  at  altitudes.      The  temperature  of  the  lungs  is 
practically  the  same  as  the  rest  of  the  body,  because  the  air  is  warmed 
as  it  passes  through  the  respiratory  tract.      At  body  temperature 
(37*  C.)  the  aqueous  tension  (vapor  pressure)  is  47  mm.  of  mercury  for 
all  altitudes.      To  determine  the  partial  pressure  of  carbon  dioxide, 
oxygen,  or  nitrogen  present  in  the  lungs»  it  is  necessary  to  subtract 
from  the  total  pressure  the  tension  of  water  vapor,  i.e.,  47  mm.,  and 
multiply  by  the  percentage  of  the  gas  present  in  the  lungs. 

Scope  of  Thesis.    The  purpose  of  this  thesis  is  to  consider 
respiration  in  man  at  high  altitudes.      The  various  physiological  changes 
which  occur  will  be  presented,  particularly  as  they  relate  to  the 
exchange  and  transport  of  carbon  dioxide  and  oxygen. 

Although  pressures  to  which  man  is  subjected  are  independent  of 
whether  the  altitude  is  reached  by  ascending  a  mountain,  by  flight  in 
aircraft,  or  is  simulated  in  low  pressure  chambers,  physiologically, 
there  are  two  different  conditions  involved.      In  the  case  of  ascending 
a  mountain,  man  is  subjected  to  a  reduced  atmospheric  pressure  for 
several  days,  weeks,  or  even  longer,  v;hereas  in  flight  or  in  low  pressure 
chambers,  the  low  pressure  is  maintained  usually  for  only  a  period  of 
hours.      Hence,  the  problem  of  respiration  at  high  altitudes  will  be 
considered  in  two  parts;  first,  respiration  on  high  mountains,  and  second, 
respiration  during  flight  and  conditions  simulating  flight. 


RESPIRATION  ON  HIGH  MOUNTAINS 
Physiological  Data  on  Sojourners  at  Rest 

To  evaluate  correctly  the  problem  of  respiration  on  high  mountains 
the  physiological  data  on  men  at  rest  vail  be  presented  first,  and  then 
during  exercise  or  work,  after  which  the  coordinated  functioning  of  the 
respiratory  processes  will  be  considered. 

Composition  of  Expired  Air,    Although  the  percentage  composition 
of  the  atmosphere  remains  unchanged  as  the  altitude  increases,  there  is 
a  change  in  the  composition  of  the  expired  and  of  the  alveolar  airs. 
Average  values  of  expired  air  of  from  3  to  8  daily  measurements  on  three 
subjects  by  Schneider  (1923)  are  given  in  Table  1.    From  a  level  of 
6,000  feet  to  14,110  feet  the  carbon  dioxide  concentration  has  increased 
31  per  cent  and  the  oxygen  concentration  has  decreased  7  per  cent. 
Hasselbalch  and  Lindhard  (1911)  also  show  marked  alterations  in  the 
expired  air  at  about  11,000  feet. 

Composition  of  Alveolar  Air.    The  percentages  of  carbon  dioxide 
and  oxygen  in  the  alveolar  air  at  sea  level  are,  on  the  average,  5.5 
per  cent  and  14.0  per  cent,  respectively.     The  values  for  alveolar  air 
for  the  Pike's  Peak  Expedition  (Heldane,  1922)  are  given  in  Table  2. 
It  will  be  noted  that  the  values  for  alveolar  carbon  dioxide  are  always 
above  the  5.5  per  cent  level,  ranging  from  6.21  to  7.78  per  cent  and 
averaging  6.96  per  cent.    The  alveolar  oxygen  varies  from  slightly 
higher  than  the  normal  for  sea  level  to  measurably  lower  than  the 
normal.    This  variation  may  be  a  result  of  the  differing  abilities 
of  individuals  to  get  along  at  high  altitudes;  or,  as  commonly  stated, 


Table  1 


Respiratory  Exchange  at  Rest  While  at  High  Altitudes** 


Expired  Air 

°2 

Place 

Altitude 

Bar. 

C02 

°2 

Min.  Vol. 

Consumption 
per  min. 

feet 

mm.  Hg. 

% 

% 

liters 

liters 

Colorado 
Springs 

6,000 

620 

3.74 

16.90 

8.111 

.250 

Pike's 
Peak 

14,110 

460 

4.90 

15.76 

9.043 

.257 

*  Average  of  from  3  to  8  daily  observations  on  3  subjects 
+  From  Schneider,  1923,  p.  110. 


Table  2 

Alveolar  Air  Composition  and  Tension  -  Pike's  Peak* 


Date 

Subject 

Alveolar 

Alveolar  0o 
tension  at 
37°  moist 

Remarks 

C02 

02 

i 

mm.  Hg. 

July 

19 

C.G.D. 

6.91 

13.03 

53.4 

20 

6.82 

11.96 

49.0 

24 

7.09 

21.13 

88.0 

High  02  inspired 

26 

7.40 

24.23 

99,3 

n      n  » 

Aug. 

2 

6.58 

15.80 

64.6 

Work 

July 

21 

J.S.H. 

6.28 

16.20 

66.8 

28 

6.41 

14.81 

60,5 

Aug, 

1 

4.76 

8.13 

33.2 

Low  O2  inspired 

13 

7.40 

29.20 

120.6 

High  O2  inspired 

July 

29 

Y.H. 

6.67 

13.77 

56.9 

Aug. 

9 

5.86 

16.56 

68.4 

July 

31 

E  •  C .  S. 

7.61 

10.61 

43.4 

Aug. 

8 

7.63 

12.70 

52.3 

Aug. 

4 

J .  E .  F. 

7.93 

11.16 

45.6 

On  arrival 

7 

7.62 

9.86 

40.7 

*  From  Haldane,  1922,  p.  238. 


their  ceilings  may  be  different.    A  marked  alteration  in  alveolar  air 
composition  was  likewise  observed  by  Hasselbalch  and  Lindhard  (1911). 
Values  of  6.62  per  cent  for  carbon  dioxide  and  13.3  per  cent  for  oxygen 
were  reported  by  Greene  (1934)  at  23,000  feet  on  Everest. 

Partial  Pressure  of  Alveolar  Air.    In  the  first  low  pressure 
experiment  conducted  by  a  certain  group  of  which  I  was  a  member,  the 
subject  was  breathing  oxygen.    VJhen  analysis  of  the  first  sample  of 
expired  air  was  made  the  carbon  dioxide  was  about  20  per  cent.    We  were 
all  familiar  with  the  fact  that  the  carbon  dioxide  percentage  of  expired 
air  is  from  3  to  6  per  cent.    It  was  not  for  several  hours  that  the 
reason  for  the  apparent  aberrant  values  was  realized.    At  low  barometric 
pressures  we  must  think  in  terms  of  partial  pressure  and  not  in  per- 
centage of  gases  present. 

As  has  been  previously  discussed,  in  the  absence  of  data  to  the 
contrary,  it  is  assumed  that  the  air  in  the  alveoli  is  saturated  and 
is  at  37°  C. ,  hence  the  tension,  or  partial  pressure  of  water  vapor 
will  be  47  mm.  at  all  altitudes.    The  alveolar  pressures  of  carbon 
dioxide  and  oxygen  for  various  altitudes  are  given  in  Table  3  from 
Henderson  (1938) ;  and  in  Table  4,  from  Dill,  Christensen,  and  Edwards 
(1936).    These  different  groups  of  data  show  general  agreement.  The 
carbon  dioxide  and  oxygen  partial  pressures  decrease  very  strikingly  with 
increase  in  altitude.    Greene  (1934)  gave    values  of  19.3  mm.  Eg.  for 
carbon  dioxide  and  39.8  mm.  Hg.  for  oxygen  on  himself  at  23,000  feet 
on  Everest. 

The  alveolar  carbon  dioxide  pressure  tends  to  decrease  slightly 
and  the  alveolar  oxygen  pressure  tends  to  increase  slightly  from  their 


Table  3 

The  Effect  of  Altitude  on  the  Alveolar  Carbon  Dioxide 
and  Oxygen  Tension  in  the  Lungs* 


Place 


Sea  Level 

Colorado 
Springs 

Pike's  Peak 

North  Col 
of  Everest 

Summit  of 
Everest 


Alt. 


feet 


6,000 
14,000 

21,000 

29,000 


Bar. 


mm.  Hg. 

760 

620 
460 

335 

240 


Hater 
Vapor 


mm.  hg. 

47 

47 
47 

47 

47 


C0g 


mm.  Hg. 

42 

36 
28 

19 

15 


_9jl 


mm.  tig. 

100 

79 
53 

39 

24? 


Vol.  of  Breathing 


Rest 


100 

116 
150 

221 

280 


Exercise 


600-800 

696-928 
900-1,200 

1,326-1,768 

1,680-2,040 


*  From  Henderson,  1938,  p.  79. 
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Table  4 

Relation  Between  Mean  Values  of  Arterial  and  Alveolar  Carbon  Dioxide  and 

Oxygen  Pressures  at  Rest* 


Carbon 

Dioxide 

Oxygen 

Place 

Altitude 

Bar. 

Art.  pE 

mm. 

Hg. 

mm. 

Hg. 

Arterial 

Alveolar 

Arterial 

Alveolar 

feet 

mm.  Hg. 

Montt 

15,420 

429 

7.45 

29.3 

28.0 

43.5 

46.9 

'  Q,uilcha 
Visitors 

17,520 

401 

7.43 

27.7 

25.6 

43.1 

42.3 

'Quilcha 
Residents 

17,520 

401 

7.37 

29.3 

43.2 

Punt  a 

20,140 

356 

7.44 

24.2 

21.4 

35.0 

37.7 

*  From  Dill,  Christensen,  and  Edwards,  1936,  p.  534. 


initial  decreases  during  the  first  few  days  at  an  altitude.  This 
adjustment  which  the  body  makes  to  increase  the  oxygen  pressure  is 
3  or  4  mm.  at  most.    This  tendency  has  been  shown  by  Barcroft,  Binger, 
Bock,  Doggart,  Forbes,  Earrop,  Meakins,  and  Redfield  (1923),  Schneider 
(1923),  and  Dill,  et  al.  (1936). 

When  sufficient  oxygen  is  available,  as  will  be  discussed  later, 
the  body  maintains  the  alveolar  carbon  dioxide  partial  pressure  constant 
at  40  mm.    Hence  it  is  of  interest  to  consider  the  partial  pressure  of 
this  gas  in  the  lungs  at  altitudes  where  there  is  not  sufficient  oxygen 
to  saturate  the  blood  to  its  normal  amount.    According  to  Henderson  (1938) 
the  body  attempts  to  maintain  the  relation  of  the  alveolar  partial 
pressure  of  carbon  dioxide  to  oxygen  in  the  ratio  of  40  to  100.  The 
values  given  by  Henderson  in  Table  3  are  in  this  relationship,  but  the 
values  of  Dill,  et.  al.,  in  Table  4,  are  nearer  60  to  100  for  his 
altitude  measurements. 

Fitzgerald  (1914)  formulated  a  law,  based  on  acclimatized  individuals, 
that  there  is  a  fall  of  approximately  4.2  mm.  in  the  alveolar  carbon 
dioxide  pressure  for  every  100  ram.  fall  in  barometric  pressure.  Christensen 
(1937),  however,  calculated  the  factor  to  be  6.5  mm.  per  100  mm.  fall  in 
pressure  for  carbon  dioxide,  and  13.7  mm.  per  100  ram.  fall  for  oxygen. 

Respiration  Rate.    The  effect  of  changes  in  the  alveolar  partial 
pressures  on  the  rate  of  respiration  varies  with  different  individuals. 
Mosso  (1898)  in  observations  on  subjects  at  high  altitudes  found  wide 
variations.    Some  of  the  subjects  had  an  increased  respiration  rate, 


some  a  decreased  respiration  rate,  and  for  others  it  remained  normal. 
Durig  and  Zuntz  (1912)  showed  slightly  increased  rates  on  themselves, 
but  for  another  subject  there  was  a  decrease.    Schneider  (1932)  showed 
for  one  individual  that  at  rest  the  alteration  is  not  significant.  The 
reaction  of  the  rate  of  respiration  to  altitude  must,  at  rest,  be 
considered  to  be  a  factor  dependent  on  individual  response. 

Minute  Volume.    The  lowered  carbon  dioxide  pressure,  found  at 
high  altitudes,  would  act  to  decrease  the  minute  volume,  but  the 
decreased  oxygen  tension  stimulates  the  respiratory  center  to  increase 
the  minute  volume.    I.Iosso  (1898),  from  observations  on  Monte  Rosa 
(14,900  feet  elevation),  showed  increased  lung  ventilation  with  increased 
altitude.    Hasselbalch  and  Lindhard  (1911)  and  Durig  and  Zuntz  (1912) 
showed  an  increase  in  minute  volume  in  their  studies.    Schneider  (1921) 
reported  one  individual  on  the  Anglo-American  Expedition  as  having  a 
minute  volume  in  bed  at  sea  level  of  7.7  liters  and  when  acclimated  at 
14,110  feet,  it  became  10.2  liters;  standing,  at  sea  level  it  was 
10.4  liters  and  at  14,110  feet,  14.9  liters.    He  concluded  that  there 
is  approximately  a  15  per  cent  increase  in  lung  ventilation  for  each 
5,000  feet  increase  in  altitude.    This  value  is  based  on  but  two 
altitudes  so  that  it  is  not  apparent  from  these  data  whether  this  is 
a  straight  line  relationship  or  not.    However,  the  value  given  by 
Henderson  (see  Table  3)  indicates  that  the  increase  in  volume  of  air 
breathed  is  not  directly  proportional  to  the  increase  in  altitude,  but 
that  it  increases  faster  as  the  altitude  becomes  greater:  2.7  per  cent 
increase  per  1000  feet  at  6,000  feet;  3.6  per  cent  at  14,000  feet; 
5.7  per  cent  at  21,000  feet;  and  6.2  per  cent  at  29,000  feet  elevation. 


(i 


22 


Oxygen  Consumption*    The  work  of  Durig  and  Zuntz  (1912), 
Schneider  (1923),  Grollman  (1930),  and  Hurtado  (1937)  shows  that  at 
rest  the  oxygen  consumption  at  altitudes  is  essentially  the  same  as 
at  sea  level.      Thus  the  body,  when  inactive  at  high  altitudes,  is 
able  to  maintain  its  normal  metabolic  processes  without  any  increase 
in  the  oxygen  required. 

Oxygen  Transport  by  the  .Blood.    From  the  lungs  oxygen  is  transport- 
ed to  the  tissues,  and  from  the  tissues  carbon  dioxide  is  transported 
to  the  lungs.     The  blood  is  the  agent  for  this  transport,  and  hence 
its  means  and  efficiency  in  carrying  out  this  task  at  altitudes  will 
be  considered  next.      Oxygen  from  the  alveolar  air  diffuses  through 
the  lung  walls,  but  under  less  advantageous  conditions  than  at  sea 
level,  as  the  oxygen  pressure  in  the  lungs  is  lower.     Any  means  by 
which  the  body  could  provide  more  oxygen  to  the  tissues  would  be  of 
aid.     The  question  of  whether  at  high  altitudes  diffusion  is  the  only 
process  by  which  oxygen  in  the  lungs  reaches  the  blood  has  caused  much 
discussion.      Bohr  (1890)  offered  the  theory  that  oxygen  might  be 
secreted  directly  from  the  lungs  to  the  blood.     Hartridge  (1912)  could 
not  confirm  this  secretion  theory.     The  results  obtained  on  Pike's 
Peak  (Douglas,  et  al. ,  1913)    gave  evidence  favoring  this  theory,  and 
Haldane  (1922)  championed  it.      Barcroft  (1923)  stoutly  maintains  that 
secretion  does  not  take  place.      The  work  of  Dill,  Edwards,  Foiling, 
Oberg,  Pappenheimer,  and  Talbot  (1931)  and  Dill,  Christensen,  and  Edwards 
(1936)  (see  Table  4)  showed  conclusively  that  secretion  does  not  occur. 
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These  values  are  such  that  it  is  plain  that  the  alveolar  pressure 
of  oxygen  is  higher  than  the  arterial  pressure.    It  must,  therefore, 
be  concluded  that,  even  at  high  altitude,  the  transfer  of  oxygen  from 
the  lungs  to  the  blood  is  effected  solely  by  diffusion. 

Carbon  Dioxide  Transport  by  the  Blood.    According  to  Van  Liere 
(1942)  80  per  cent  of  the  normal  transport  of  carbon  dioxide  is  effected 
by  the  base  made  available  when  oxyhemoglobin  is  reduced.    At  altitudes, 
when  there  is  an  oxygen  deficiency,  this  mechanism  for  handling  the 
carbon  dioxide  transport  may  be  seriously  interfered  with  due  to  the 
fact  that  the  hemoglobin  in  the  arterial  blood  is  already  severely  re- 
duced, and  perhaps  does  not  release  sufficient  base  to  handle  the  carbon 
dioxide.    This  would  not  occur  until  altitudes  of  22,000  to  25,000  feet 
were  reached.     In  a  personal  communication  to  Van  Liere,  Hasting  has 
stated  "that  for  all  practical  purposes,  carbon  dioxide  transport  is 
probably  not  impaired  until  the  circulation  fails." 

Changes  in  Blood  Composition.    As  a  result  of  the  low  oxygen 
tension,  which  stimulates  the  volume  of  respiration  at  high  altitudes, 
the  blood  loses  carbon  dioxide  excessively,  so  as  to  cause  it  tempo- 
rarily to  become  more  alkaline.    The  balance  of  acid  to  base  is  restored 
by  action  of  the  kidneys,  thus  the  hydrogen  ion  concentration  is  main- 
tained.   This  theory,  modified  by  Haldane  (1919)  from  that  earlier 
proposed  by  the  Pike's  Peak  group,  is  now  generally  accepted.  This 
regulation  of  the  pH  may  not  be  an  instantaneous  adjustment.  Keys, 
Hall,  and  Barron  (1936)  showed  that  the  blood  becomes  more  alkaline  up 
to  12,000  feet,  but  above  this  there  is  either  no  further  change  or 
the  pH  returns  to  normal. 
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One  of  the  factors  dependent  on  the  pH  is  the  dissociation  of 
hemoglobin.    If  the  pH  were  to  be  significantly  altered  the  dissociation 
curve  would  be  shifted.    Keys  reported  that  the  "physiological"  disso- 
ciation curves  of  their  group  were  displaced  to  the  left  of  sea  level 
values  up  to  about  14,000  feet,  but  above  this  altitude  the  curves  were 
displaced  increasingly  to  the  right  of  sea  level  values  (see  Fig.  6). 
The  same  result  was  found  during  work  at  the  various  altitudes.  In 
addition,  the  affinity  of  hemoglobin  for  oxygen  was  not  altered  at 
constant  pH  values. 

One  of  the  methods  by  which  the  blood  is  enabled  to  carry  suffi- 
cient oxygen  at  high  altitudes  is  through  an  increase  of  hemoglobin  in 
the  blood.    This  is  clearly  illustrated  in  one  instance  by  Barcroft, 
et  al.  (1923)  in  Figure  2.    An  increase  in  hemoglobin  of  46  per  cent 
resulted  on  ascending  to  15,000  feet  in  the  Bolivian  Andes.    The  increase 
took  place  in  steps  paralleling  the  ascent  and  continued  to  rise  until 
about  the  80th  day.     Fitzgerald  (1913)  formulated  a  low  that  for  acclima- 
tized individuals  there  is  a  rise  in  hemoglobin  of  about  10  per  cent  for 
every  100  mm.  decrease  in  barometric  pressure.     The  increase  in  hemoglobin 
enabling  greater  gaseous  transport,  is  a  means  of  respiratory  adjustment 
to  high  altitude. 

An  increase  in  hemoglobin  is  accompanied  by  an  increase  in  the 
number  of  red  cells  in  the  blood.    Blood  counts  were  made  on  the 
Peruvian  Expedition  of  Barcroft,  et  al.   (1923).     For  five  members, 
with  good  sea  level  control  values,  the  average  at  sea  level  was 
5.6  million  per  cubic  mm.  of  blood;  at  14,000  feet,  after  being  there 
for  20  days,  the  average  was  6.6  million  per  cubic  mm.    Schneider  and 
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The  interrupted  line  represents  the  mean  percentage  of  haemoglobin  at  sea-level. 


Fig.  2.  Alteration  of  the  Hemoglobin  during  Ascent  to  and  Stay  at  15,000  feet 
(from  Douglas,  Haldane,  Henderson,  and  Schneider,  1913,  p.  316) 


Havens  (1915)  studied  subjects  at  6,000  feet  and  at  14,000  feet.  At 
6,000  feet  the  average  for  three  subjects  was  6.1  million;  the  first 
day  at  14,000  the  average  was. 6. 7;  and  11  days  later  the  average  was 
6.9  million  per  cubic  mm.  of  blood. 

Pulse  Rate.    The  course  of  the  heart  rate  at  high  altitudes  was 
carefully  studied  by  Hartman  (1933)  on  three  men  while  climbing  Mount 
Everest.    Until  these  men  ascended  above  21,500  feet  the  pulse  at 
"absolute  restw  did  not  show  any  marked  tendency  to  rise.    In  fact, 
in  two  of  the  subjects  there  was  a  lower  pulse  at  14,700  to  16,400  feet 
level  than  at  sea  level.    At  what  the  author  stated  as  "normal  rest" 
the  picture  was  somewhat  different.    In  this  condition  the  pulse  rose 
about  ten  per  cent  by  the  time  16,400  feet  was  reached  and  almost  doubled 
its  sea  level  value  at  25,000  feet.    Sundstroem  (1919)  found  increased 
pulse  rates  above  10,000  feet.    Christensen  and  Forbes  (1937)  also  showed 
an  increase  in  pulse  rate  even  at  rest  on  his  subjects  when  at  altitudes 
of  9,200  feet  and  higher. 

Cardiac  Output.    Cardiac  output  can  be  increased  either  by  an 
increase  in  the  heart  rate  or  by  an  increase  in  the  volume  per  stroke. 
By  increasing  the  cardiac  output  an  increased  transport  of  oxygen  is 
possible.    G-rollman  (1930)  has  shown  that,  in  the  case  of  two  subjects 
ascending  to  14,000  feet,  the  cardiac  output  first  increased  by  40  per 
cent  on  the  fifth  day  and  then  decreased  until  it  reached  its  sea  level 
value.    The  same  trend  was  shown  by  Christensen  and  Forbes  (1937). 

The  effect  of  altitude  on  the  blood  pressure  has  been  studied  by 
several  investigators.    The  findings  of  Barcroft,  et  al.  (1923)  are 


typical.    They  found  an  increase  in  blood  pressure  of  11  mm.  on  going 

to  14,000  feet.    Schneider  (1921)  concluded  that  the  changes  found,  if 

any,  are  within  the  experimental  errors  of  observation. 

Comparison  of  Physiological  Data  on  Sojourners  with  that 

on  Residents 

In  the  preceding  pages  the  physiological  data  obtained  at  high 
altitude5on  men  who  normally  live  at  essentially  sea  level  has  been 
discussed.  These  data  will  now  be  compared  with  the  data  available 
for  individuals  who  live  at  high  altitudes  and  are  thoroughly  acclimated. 

Systematic  series  of  data  on  natives  of  high  altitude  regions  are 
lacking.    The  conformity  of  the  fragmentary  data  with  that  on  sojourners 
is  perhaps  unexpected.    Dill,  et  al.  (1931)  showed  that  for  sojourners, 
after  10  to  21  days  at  14,000  feet,  the  carbon  dioxide  partial  pressure 
of  the  arterial  blood  was  the  same  as  for  residents,  31.5  mm.  Hg.  The 
oxygen  partial  pressure  was  slightly  lower  for  sojourners  than  for 
residents,  i.e.,  61.9  versus  63.1  ran.  tig.    The  pH  of  the  blood  was  the 
same  for  both  groups.    Dill's  later  data  (1936)  on  'Q.uilcha  residents 
(summarized  in  Table  4)  likewise  is  additional  evidence  that  the 
arterial  oxygen  pressure  is  the  same  for  sojourners  as  for  residents. 
His  values  for  pH  are  lower  for  natives  than  for  sojourners.    Hall  (1936) 
stated  that  hemoglobin  from  residents  seemed  to  have  less  affinity  for 
oxygen  than  that  from  visitors.    The  Barcroft  Expedition  (Barcroft,  et  al. , 
1923)  determined  alveolar  oxygen  pressures  on  white  residents  and  natives 
of  the  Andes.    They  found  no  difference  in  either  group.    However,  there 
were  changes  in  the  red  cell  count  and  in  the  hemoglobin  content  in  these 
groups.    The  highest  figure  of  the  red  cell  count  for  the  members  of  the 


party  (after  they  attained  their  greatest  acclimatization  during  the 
expedition)  was  6.5  millions.    The  white  residents  averaged  6.75  millions, 
and  the  native  miners  averaged 7.1  millions.    The  values  for  hemoglobin 
percentage  were  also  different.    The  average  of  the  maximum  values  for 
the  party  was  124  per  cent;  for  the  white  residents,  119;  and  for  the 
natives,  135  per  cent.    One  of  the  most  extensive  studies  on  residents 
was  made  by  Hurtado  (1932a).    On  native  Indian  miners  in  the  Peruvian 
Andes  (14,890  feet)  he  found  that  the  hemoglobin  content  averaged  only 
slightly  higher  than  the  normal  at  sea  level;  and  a  considerable  number 
live  comfortably  at  the  high  altitude  with  normal  hemoglobin  content. 
The  red  cells  at  high  altitude  are  increased  about  a  million  cells  per 
cubic  millimeter  of  blood,  but  each  red  cell  contains  less  hemoglobin 
than  normal  at  sea  level.    Oxygen  determinations  show  that  the  red  cells 
come  to  the  tissues  with  a  lower  oxygen  content  than  normal  at  sea  level. 
The  size  of  the  erythrocyte  is  larger  than  normal.    In  Hurtado's  (1932b) 
studies  of  Indian  Natives  of  the  Peruvian  Andes,  he  found  that  natives 
born  at  10,000  to  15,000  feet  had  vital  capacities  greater  than  North 
American  college  students,  namely,  2720  c.c.  as  compared  to  2500  c.c. 
per  square  meter  of  body  surface.    Peruvian  students  at  sea  level  had  an 
average  vital  capacity  of  2460  c.c.  per  square  meter  of  surface  area. 
The  chest  expansion  of  the  Indian  Native  was  9.0  cm.  as  compared  to 
7.37  cm.  for  the  North  American  student. 
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Physiological  Data  During  Muscular  Yfork 

The  findings  enumerated  in  the  preceding  pages  have  dealt,  for  the 
most  part,  T.ith  subjects  at  rest  or  with  no  control  of  their  activity o 
We  shall  next  consider  data  obtained  during  muscular  effort. 

Schneider  (1923)  obtained  5  to  9  daily  samples  of  expired  air 
on  3  subjects  during  controlled  work  (4  miles  per  hour)  on  a  bicycle 
ergometer.     Average  values  of  his  data  are  given  in  Table  5.  The 
percentage  of  carbon  dioxide  in  the  expired  air  increases  with  increase 
in  altitude,  and  the  oxygen  decreases  for  the  same  amount  of  work,  as 
might  be  expected.     These  changes  are  similar  to  those  noted  for  the 
same  subjects  at  rest  (see  Table  1).     At  this  work  rate,  the  minute 
volume  increases  about  20  per  cent,  whereas  at  rest  it  increased  only 
about  11  per  cent  at  this  altitude.     This  trendwas  also  shown  by 
Christ ensen  (1937).     The  oxygen  consumption  was  increased  about  5.5 
per  cent  in  contrast  to  2.0  per  cent  increase  during  rest. 

A  series  of  measurements  of  the  respiration  rate,  minute  volume, 
and  oxygen  consumption  were  made  by  Douglas,  Haldane,  Henderson,  and 
Schneider  (1913)  at  various  rates  of  walking.     The  initial  control 
experiments  were  made  in  the  laboratory  at  Oxford,  but  as  the  only 
place  to  perform  walking  experiments  on  Pike's  Peak  was  out  of  doors, 
control  experiments  were  repeated  out  of  doors  at  Oxford  on  their 
return.      The  results  are  given  in  Table  6.      In  each  case  it  will  be 
noted  that  at  Oxford  the  respiration  rate  was  slightly  higher  out  of 
doors  than  in  the  laboratory,  but  at  Pike's  Peak  it  was  higher  than 
either  of  the  Oxford  determinations.      At  the  highest  work  rate 
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Table  5 


Respiratory  Exchange  During  Work  at  High  Altitudes*"1" 


Place 


Altitude 


Bar. 


Expired  Air 


CO. 


Kin.  Yol. 


02 

Consumption 
per  rain. 


Colorado 
Springs 

Pike*s 
Peak 


feet 
6,000 
14,100 


ram.  Hg. 


620 


460 


4.70 


5.59 


16.36 


15.48 


liters 


22.530 


27.037 


liters 


.772 


.814 


*  Average  of  from  5  to  9  successive  daily  measurements  on  3  sub- 
jects while  riding  a  bicycle  ergometer  at  4  miles  per  hour. 
+  From  Schneider,  1923,  p.  112. 
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Table  6 

Comparison  of  Respiratory  Data  at  Oxford  and  Pike's  Peak 


Condition 


Measurement 


Oxford 
Laboratory 


Oxford 
Out  of  Door: 


Pike's 
Peak 


Rest 


Standing 
Still 


Walking 
2  m.p.h. 


Walking 
3  m.p.h. 


Walking 
4  m.p.h. 


Walking 
4rh  m.o.h. 


Walking 
5  m.p.h. 


Resp.  per  min. 
Min.  Vol.,  liters 
Og  per  min. ,  c .c. 


Resp.  per  min. 
Min.  Vol. ,  liters 
Oo  per  min. ,  c.c. 


Resp.  per  min. 
Min.  Vol.,  liters 
Oo  per  min. ,  c.c. 


Resp.  per  min. 
Min.  Vol.,  liters 
Og  per  min. ,  c.c. 


Resp.  per  min. 
Min.  Vol. ,  liters 
Og  per  min. ,  c.c. 


Resp.  per  min. 
Min.  Vol.,  liters 
Og  per  min. ,  c.c. 


Resp.  per  min. 
Min.  Vol. ,  liters 
Og  per  min. ,  c.c. 


16.8 
7.7 

237 


17.1 
10.4 

328 


12.7 
16.3 

668 


14.9 
20.9 
907 


14.4 
29.0 
1182 


17.2 
34.2 
1493 


18.3 
51.3 

2125 


14.7 
18.6 

780 


16.2 
24.8 
1065 


18.2 
37.3 

1595 


18.5 
46.5 
2005 


19.5 
60.9 

2543 


17.3 
10.2 

248 


20.8 
14.9 

346 


21.9 
27.9 
785 


24.4 
38.8 
1034 


24.1 
57.0 

1554 


62.9 
1725 


35.9 
110.2 
2113 


*  Douglas*  Hal dan e,  Henderson,  and  Schneider,  1913,  pp.  242-249. 


(5  m.p.h.)  the  widest  divergence  was  noted.    The  ventilation  of  the 
lungs  was  likewise  much  greater  on  Pike's  Peak  than  at  Oxford.  In 
contrast  to  later  work  by  Schneider  (1923)  and  by  Christensen  (1937) 
these  data  show  no  increase  in  oxygen  consumption. 

Christensen  (1937)  determined  alveolar  carbon  dioxide  and  oxygen 
pressures  on  several  subjects  while  performing  muscular  work.  He 
found  that  during  muscular  activity  the  partial  pressure  of  carbon 
dioxide  decreased  6.3  mm.  per  100  mm.  fall  in  barometric  pressure  and 
the  partial  pressure  of  oxygen  fell  15.1  mm.  per  100  mm.    The  oxygen 
pressure  was  always  higher  at  work  than  at  rest.    This  is  also  true 
for  Douglas  on  the  Pike's  Peak  Expedition.     (See  Table  2,  Aug.  2  versus 
July  20. ) 

Christensen  (1937)  also  determined  the  maximum  amount  of  work 
which  he  was  capable  of  performing  at  different  altitudes.    This  was 
measured  in  terms  of  oxygen  consumption.    The  values  are  given  in 
Table  7.    The  maximum  value  of  3.72  liters  per  minute  at  sea  level 
decreased  consistently  with  altitude  to  1.80  liters  at  5,340  meters 
(17,500  feet).    The  pulse  rate  also  decreased  from  190  to  132  as  the 
altitude  increased,  a  trend  similar  to  that  reported  by  Dill  (1938)  on 
other  members  of  this  expedition. 

Van  Liere  (1942)  stated  that  the  heart  rate  during  work  does  not 
speed  up  as  severely  in  the  acclimated  individual  as  in  the  unacclimated. 
Sorcmervell  (1925)  reported  heart  rates  of  160  to  180  per  minute  while 
climbing  at  27,000  to  28,000  feet  on  the  Everest  Expedition.    A  direct 
relationship  was  found  by  Christensen  and  Forbes  (1937)  between  the 
heart  rate  and  oxygen  consumption.    With  increase  in  altitude  there  is 
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Table  7 

Respiratory  Exchange  During  Maximum  Work* 
(one  subject) 


Altitude 


Barom- 
eter 


Oxygen 
Consumed 


Minute  Volume 


37°,  Sat, 


0°,  760  mm. 
Dry 


Oxygen 


Alveolar  Pressure 


Carbon  Dioxide 


Pulse 
rate 
per  min. 


feet 

0 

9,200 
12,000 
15,400 
17,500 


mm.Hg. 
760 
543 
489 
429 
401 


liters 
3.72 
3.02 
2.56 
2.19 
1.80 


liters 
129.1 
122.9 
108.3 
136.1 
89.5 


liters 
106.7 
71.2 
61.3 
61.1 
36,8 


mm.Hg. 

124.0+ 
80.5 
71.2 
61.8 
53.3 


mm.Hg. 
26.0+ 
25.3 
26.6 
19.9 
20.7 


190 
170 
150 
135 
132 


*  Christensen,  1937,  p.  98. 

+  The  pressure  in  the  expired  air  is  little  different  from  that  in  the 
alveolar  air  at  high  ventilation. 


a  proportional  increase  in  the  heart  rate  and  oxygen  consumption. 

Christensen  and  Forbes  (1937)  showed  that  the  cardiac  output 
during  work  is  directly  proportional  to  the  oxygen  consumption. 

The  respiration  rate  during  the  climb  near  the  top  of  Everest,  as 
reported  by  Sommervell  (1925),  is  50  to  55  per  minute. 

In  addition  to  the  actual  measurements  are  the  general  observations 
made  at  altitudes.    Hingston  (quoted  by  Van  Liere,  1942)  described  the 
effect  of  exertion  on  the  Everest  climb  as  follows,  "the  very  slightest 
exertion  such  as  tying  a  bootlace,  the  opening  of  a  ration  box,  the 
getting  into  a  sleeping  bag,  was  associated  with  marked  respiratory 
distress".    At  this  high  altitude  he  reports  that  7  to  10  respirations 
were  required  for  every  step  forward.    Dill  (1938),  in  describing  the 
contrast  between  his  party  in  the  Andes  and  the  native  residents  who 
worked  in  the  sulfur  mines,  stated  that  the  miners  could  do  about  as 
much  work  at  17,000  feet  as  an  ordinary  man  could  do  at  sea  level.  They 
played  soccer  at  12,000  feet  and  practised  at  17,500  feet.    From  these 
observations,  it  is  evident  that  man  can  live  at  these  altitudes  and 
can  carry  on  fairly  successfully. 

Summary  of  the  Physiological  Data  on  High  Mountains 

The  alterations  which  occur  in  the  respiratory  processes  of  man  at 
high  altitudes  have  been  enumerated  individually  in  detail.  They  will 
be  discussed  here  as  they  are  coordinated.  As  man  goes  from  sea  level 
to  mountain  heights  the  composition  of  the  expired  air  changes,  the 
carbon  dioxide  increasing  and  the  oxygen  decreasing,  progressively,  as 
the  altitude  becomes  higher.  When  muscular  exertion  takes  place  these 
changes  become  more  pronounced.    The  percentages  of  carbon  dioxide  in  the 


alveolar  air  parallels  the  course  of  the  expired  air.    Hence,  the  partial 
pressure  of  carbon  dioxide  in  the  alveolar  air  and  the  arterial  blood 
decreases  with  altitude.    During  the  first  few  days  at  high  altitudes 
there  is  an  additional  decrease  of  2  or  3  ram.  in  the  alveolar  carbon 
dioxide  pressure.    The  partial  pressure  of  oxygen  also  decreases  with 
altitude  but  during  the  first  few  days  after  the  ascent  there  is  a 
slight  increase  in  this  pressure.    The  slight  alteration  of  carbon 
dioxide  pressure  and  oxygen  pressure  is  one  phase  of  acclimatization. 
Alveolar  pressures  are  21  mm.  for  carbon  dioxide  and  37  mm.  for  oxygen 
at  20,000  feet  as  compared  to  sea  level  values  of  40  mm.  and  102  mm., 
respectively.    Oxygen  partial  pressure  values  are  higher  at  work  than 
at  rest  at  the  same  altitudes.    At  rest  the  respiration  rate  is  only 
slightly  increased  by  altitude,  but  during  muscular  effort  there  is 
a  noticeable  increase  in  the  respiration  rate  over  that  at  sea  level. 
The  volume  of  air  breathed  is  increased  by  altitude,  but  during  work 
the  increase  in  this  volume  is  greater.    This  probably  accounts  for 
the  values  of  alveolar  oxygen  pressure  being  higher  during  work  than  at 
rest.    However,  figures  as  high  as  the  maximum  respiratory  volume  at 
sea  level  can  not  be  attained  at  high  altitudes.    At  rest  the  oxygen 
consumption  is  essentially  the  same  as  at  sea  level,  but  a  given  amount 
of  work  (walking  at  4  m.p.h.)  requires  about  5.5  per  cent  more  oxygen 
consumption  than  is  required  at  sea  level. 

Since  at  rest  the  oxygen  consumption  is  essentially  the  same  as  at 
sea  level,  the  chief  problem  of  the  respiratory  ventilation  at  high 
altitudes  is  to  supply  oxygen  at  the  same  rate  as  at  sea  level,  but  from 
an  atmosphere  in  which  the  gas  is  less  dense.    To  do  this  an  increase 
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in  minute  volume  is  produced,  which  is  small  at  low  altitudes  but  more 
significant  at  high  altitudes.      At  low  altitudes  the  increase  is  mainly 
in  depth  of  respiration, but  at  high  altitudes  both  depth  and  rate  are 
increased.      This  increase  in  ventilation  is  brought  about  by  the  decrease 
in  the  oxygen  tension  in  the  blood,  which  increases  the  excitability  of 
the  respiratory  center.     Accompanying  the  increase  in  the  lung  ventila- 
tion, there  is  a  decrease  in  the  partial  pressure  or  tension  of  carbon 
dioxide  in  the  blood.     This  decreases  the  stimulus  for  respiration  and 
hence  the  minute  volume.     As  a  result  of  the  lowered  stimulus,  but 
increased  excitability,  the  lung  ventilation  or  the  minute  volume  is 
mildly  increased. 

During  muscular  work  there  is  an  increased  carbon  dioxide 
production  and  oxygen  consumption.     At  high  altitudes  the  oxygen 
required  for  a  given  rate  of  work  is  greater  than  at  sea  level.  This 
would  indicate  that  the  total  process  of  respiration  makes  an  additional 
"charge"  to  supply  the  oxygen  needed    to  "pay"  for  the  extra  work 
involved.       With  the  muscular  effort,  the  carbon  dioxide  tension  in 
the  arterial  blood  is  higher  than  at  rest,  causing  a  greater  stimulus. 
At  the  same  time,  the  oxygen  tension  of  the  blood  is  also  higher  than 
at  rest.      In  this  condition  the  excitability  of  the  respiratory  center 
is  not  as  great  as  at  rest,  but  the  stimulation  by  carbon  dioxide  is 
increased,  with  the  result  that  the  ventilation  is  increased  markedly 
above  that  required  for  the  same  effort  at  sea  level. 

Under  conditions  encountered  at  high  altitudes  on  mountains,  the 
internal  respiration  must  function  under  altered  conditions.  The 
lowered  partial  pressure  of  carbon  dioxide  in  the  lungs  is  not  due  to 


the  inability  of  the  blood  to  transport  the  carbon  dioxide,  but  is  the 
result  of  an  increase  in  the  minute  volume.    According  to  good 
authority,  with  no  evidence  to  the  contrary,  the  transport  of  carbon 
dioxide  is  adequate  until  the  circulation  fails. 

Perhaps  the  most  critical  link  in  respiration  at  high  altitudes 
is  the  transport  of  oxygen  by  the  blood.    The  experimental  data  now 
available  make  it  evident  that  the  transfer  of  oxygen  to  the  blood  takes 
place  by  diffusion  alone,  and  that  the  possibility  of  secretion  is  no 
longer  tenable.    The  data  also  show  that  the  hydrogen  ion  concentration 
(pH)  of  the  blood  is  adjusted  within  a  few  days  to  the  same  concentration 
as  at  sea  level  by  regulation  of  the  volume  of  breathing  and  by  action  of 
the  kidneys.    As  a  result,  the  oxygen  dissociation  curve  is  not  displaced 
significantly.    The  number  of  red  cells  increases  at  high  altitudes,  as 
does  the  hemoglobin  content  of  the  blood.    The  increase  in  hemoglobin 
and  red  blood  cells  means  that  there  are  more  carriers  available  to  trans- 
port oxygen.    The  gaseous  transport  is  also  facilitated  by  the  increase 
in  the  cardiac  output,  partially  by  higher  pulse  rates  and  partially  by 
increased  cardiac  volume. 

Discussion  of  Acclimatization  to  High  Altitudes 

Residence  at  high  altitude  causes  immediate  adjustment  in  the 
respiratory  processes,  which  are  altered  in  part  by  acclimatization  or 
by  an  extended  stay  at  high  altitude.    The  immediate  reaction  to 
altitude  is  an  increase  in  the  minute  volume  resulting  from  lowering  of 
alveolar  pressure  of  carbon  dioxide  and  oxygen.    In  the  first  few  days 


the  carbon  dioxide  is  lowered  an  additional  2  or  3  ram.  with  a  corres- 
ponding rise  in  alveolar  oxygen  pressure.    The  pH  of  the  blood,  which 
becomes  more  alkaline  temporarily,  is  adjusted  by  kidney  action  to 
restore  the  normal  level.    Increase  in  the  heart  rate  occurs  at  once. 
This  may  return  to  normal  as  blood  acclimatization  becomes  effective. 
An  increase  in  the  number  of  red  cells,  temporarily  effected  by  contrac- 
tion of  the  spleen,  is  later  produced  by  increased  production  by  the 
redbone  marrow.    An  increase  in  hemoglobin  commences  almost  at  once  and 
continues  for  many  weeks.    After  acclimatization,  respiration  is  able  to 
provide  for  more  muscular  exertion,  without  reaching  its  limit  and  without 
the  effort  which  is  required  immediately  upon  ascending  to  high  altitudes. 

Residents  at  high  altitudes  are  acclimatized  to  the  highest  degree. 
In  general  these  individuals  have  a  higher  level  of  hemoglobin  and  a 
larger  number  of  red  cells  than  have  individuals  living  at  sea  level, 
although  some  have  a  hemoglobin  content  no  higher  than  normal  for  sea 
level.    Muscular  exertion  does  not  seem  to  tax  their  respiratory  system 
to  any  greater  extent  than  similar  exertion  taxes  men  living  at  sea 
level.    It  has  been  shown  that  the  vital  capacity  of  some  of  the  natives 
is  larger  than  that  of  individuals  at  sea  level.    The  number  of  red 
cells,  hemoglobin  content,  dissociation  curves,  and  blood  gas  concen- 
trations are  the  same  for  natives  as  for  acclimatized  individuals. 
Perhaps  the  explanation  of  the  adjustment  to  the  lowered  oxygen  tension 
is  that  of  Hurtado  (1932a),  whose  findings  have  been  given  previously. 
He  stated,  "The  above  findings  suggest  that  the  adaptation  processes 
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to  the  high  altitude  from  the  point  of  view  of  blood  morphology,  are 
to  be  found  not  primarily  in  red  cell  count  and  hemoglobin  increases, 
as  it  has  often  been  remarked,  but  rather  in  a  fine  and  close 
correlation  between  cell  number,  volume  and  hemoglobin,  and  in  the 
existence  of  a  larger  surface  area  in  a  given  volume  of  blood  and  in 
the  individual  erythrocyte  for  the  hemoglobin  and  oxygen  content,  factors 
which  would  favor  the  proper  supply  of  this  gas  to  the  tissues,  this 
last  process  being  perhaps  the  basic  and  fundamental  problem  at  high 
altitude* " 

Limitations  of  Altitude 

There  are  limitations  imposed  on  man  when  ascending  high  mountains. 
These  are  dependent,  in  part,  on  acclimatization.    Christensen  found 
that  his  maximum  oxygen  consumption  at  20,000  feet  was  a  little  less 
than  half  of  that  possible  at  sea  level.    He  had  been  at  high  altitude 
only  for  a  period  of  a  few  weeks.    Men  have  climbed  to  within  one  or 
two  thousand  feet  of  the  top  of  Everest  (28,000  feet),  although  they 
made  slow  progress  at  the  uppermost  heights.    Climbing  however  is 
strenuous  exertion  especially  when  complicated  by  equipment,  heavy 
clothing,  and  low  temperatures.    These  men,  while  considerably  limited 
in  their  physical  activities  by  respiratory  restrictions,  were  able  to 
exist.    Their  acclimatization  was  limited  to  a  period  of  weeks  rather 
than  years.    One  might  theorize  that  a  miner  from  the  Andes,  who  had 
lived  and  worked  at  16,000  feet  for  years,  might  reach  the  top  of 
Everest  with  relative  ease. 

Since  oxygen  lack  is  the  factor  to  be  overcome  at  altitudes,  one 
would  suppose  that  breathing  oxygen  would  be  of  great  aid  for  high 

mountain  climbers.    Kingston  (reprinted  by  Earcroft,  1925a)  reported 
several  climbers  on  Everest  as  receiving  little  or  no  benefit  by- 
breathing  oxygen.    As  these  men  carried  their  own  supply  of  oxygen  and 
the  respiratory  volume  during  climbing  is  large,  it  is  probable  that 
the  actual  quantity  of  oxygen,  in  comparison  with  the  minute  volume, 
was  not  sufficient  to  increase  the  oxygen  tension  significantly. 
Winterstein  (1934b)  found  that  breathing  oxygen  at  11,400  feet  on  the 
Jungfrau  restored  the  heart  and  pulmonary  ventilation  to  normal,  but 
that  the  partial  pressure  of  carbon  dioxide  in  the  alveolar  air  remained 
low.    He  concluded  that  low  barometric  pressure  influences  carbon  dioxide 
elimination  independently  of  anoxemia.    This  lack  of  immediate  adjust- 
ment of  carbon  dioxide  alveolar  tension  is  likewise  shown  by  low 
pressure  chamber  experiments. 

Lloyd  (1939)  reported  that  he  used  two  types  of  oxygen  apparatus 
on  Everest  in  1938.    One  was  a  closed-circuit  type,  and  the  other  an 
open-circuit  type  which  enriched  the  oxygen.    The  closed -circuit  type 
did  not  work  correctly,  even  though  no  mechanical  fault  was  ever  found 
with  it,  but  the  open-circuit  apparatus  helped  to  some  extent. 

In  discussing  the  physiological  problems  on  climbing  Everest, 
Henderson  (1939)  has  calculated  that  the  oxygen  available  from  the  at- 
mosphere is  3,300  c.c.  at  sea  level  but  only  220  c.c.  at  the  top  of 
Everest.    If  oxygen  sufficient  to  maintain  the  partial  pressure  of  the 
inspired  air  at  160  mm.  Hg.  could  be  supplied  to  mountain  climbers, 
respiration  would  not  be  a  problem  even  on  the  highest  mountains. 


To  summarize  the  physiological  limitations  imposed  by  ascending 
to  high  altitudes,  it  is  clear  that  the  problem  is  insufficient  oxygen 
supply.    Due  to  the  fact  that  the  body  over-exerts  one  function  in  an 
attempt  to  compensate  for  the  failure  of  another  function,  it  would 
appear  frequently  that  both  the  internal  and  the  external  respiration 
are  the  limiting  factors.    From  the  findings  of  the  various  investi- 
gators, it  would  seem  that  the  inability  of  the  blood,  when  the  oxygen 
tension  is  reduced,  to  carry  sufficient  oxygen  to  the  tissues  is  the 
basic  limiting  factor  on  mountains. 


RESPIRATION  DURING  FLIGHT  Ai-:D  DURING  SIMULATED  FLIGHT 
The  ascent  to  high  altitude  by  means  of  flight  may  subject  man 
to  several  conditions  which  affect  his  physiological  processes.  The 
most  outstanding  are  reduced  atmospheric  pressure  and  cold.  The 
element  of  cold  is  frequently  reduced  or  eliminated  entirely  by  means 
of  suitable  clothing,  by  heating  the  cabin  of  the  plane,  or  by  both  of 
these  means.    However,  except  in  the  rare  instances  in  which  the  cabin 
of  the  plane  is  pressurized,  the  aviator  is  subjected  to  a  reduction 
in  atmospheric  pressure  proportional  to  the  altitude.    Due  to  the  diffi- 
culties involved  in  providing  suitable  apparatus  and  in  making  accurate 
measurements,  the  data  obtained  on  respiration  during  actual  flight 
are  meager.    Since  the  simulation  of  flight  in  respect  to  lowered 
atmospheric  pressure  is  readily  carried  out  in  a  low  pressure  chamber 
or  since  the  partial  pressure  of  oxygen  is  easily  lowered  by  use  of  a 
rebreather  system,  a  number  of  studies  of  the  physiological  effects 
produced  during  flight  have  been  made.    These  studies,  which  have  the 
advantages  of  controlled  laboratory  conditions  and  good  laboratory 
facilities,  provide  a  large  part  of  our  knowledge  of  respiration  during 
flight.    Hence  this  consideration  will  include  observations  during 
actual  flight  and  during  simulated  flight.    Two  phases  of  flight  will 
be  considered:  first,  when  breathing  the  atmosphere  without  oxygen 
enrichment;  second,  when  breathing  oxygen  enriched  air  or  pure  oxygen. 


Physiological  Data  on  Breathing  Air  Without  Oxygen  Enrichment 
Expired  Air.    The  percentages  of  carbon  dioxide  and  oxygen  in  the 
expired  air  are  altered  by  flight  or  by  lowering  the  atmospheric  pressure. 
Schneider  and  Clarke  (1928)  reported  the  percentage  of  carbon  dioxide 
in  expired  air  (Table  8)  during  rest  and  at  various  work  rates  at  various 
barometric  pressures.    At  rest,  with  one  exception,  the  percentages  of 
carbon  dioxide  increase  with  altitude.    There  is  a  flattening  out  of 
the  carbon  dioxide  curve  as  the  work  rate  increases,  and  then  the  values 
actually  decrease.    As  altitude  is  increased  at  a  given  work  rate,  the 
percentages  increase  quite  consistently.    Hurtado,  K&ltreider,  and 
McCann  (1934)  also  showed  that  for  resting  subjects  the  percentage  of 
carbon  dioxide  in  the  expired  air  increases  with  altitude.    Their  values 
for  carbon  dioxide  average  3.05  per  cent  at  sea  level  and  5.00  per  cent 
at  16,000  feet;  for  oxygen,  17.01  per  cent  at  sea  level  and  14.96  per 
cent  at  16,000  feet. 

Alveolar  Air.    Changes  in  the  composition  of  the  expired  air  are  ac- 
companied by  changes  in  the  composition  of  the  alveolar  air.    The  relation 
of  these  to  the  expired  air  is  illustrated  in  Table  9.    The  partial 
pressures  of  the  alveolar  gases  are  calculated  as  described  earlier.  In 
Table  10  the  alveolar  pressures  are  given  for  several  simulated  altitudes 
(determined  in  low  pressure  chambers)  as  reported  by  Hasselbalch  and 
Lindhard  (1915a),  Lutz  and  Schneider  (1919b),  Hurtado,  Kaltreider,  and 
LlcCann  (1934),  and  Dill,  Edwards,  and  Robinson  (1939).    In  addition, 
values  are  given  for  airplane  flights  reported  by  Schneider  and 


Table  8 


Percentage  and  Volume  of  Carbon  Dioxide  in  Expired  Air  During  Rest  and  Work 

at  Reduced  Barometric  Pressures* 


Subject 

and 
load  in 
foot  lbs. 


Carbon  dioxide  in  expired  air, 
per  cent 


Carbon  dioxide  elimination 
per  minute,  c.c. 


Altitude  above  sea  level 


10,000 


15,000 


20,000 


25,000 


10,000 


15,000 


20,000 


25,000 


H.  M. 

0 

2,000 
4,000 
6,000 
8,000 

C »  R.  J" » 

0 

2,000 
4,000 
6,000 
8,000 
10,000 

s.  s.  y. 


0 

2,000 
4,000 
6,000 


3.60 
4.28 
5.16 
5.16 
4.48 


3.23 
4.08 
4.49 
4.65 
4.50 
4.12 


3.01 
3.80 
4.06 
3.97 


4.28 
5.77 
5.93 
5.89 


4.12 
4.82 
5.84 
5.89 
4.94 
4.68 


4.06 
4.98 
5.10 
4.44 


5.94 
6.69 
6.80 
6.48 


5.45 
6.72 
6.64 
6.89 
5.94 


4.53 
5.36 
5.78 


6.10 
7.05 
7.03 
7.19 


6.72 
7.54 
7.54 
6.30 


6.80 
7.66 


6.33 
6.88 
7.57 


5.09 
5.92 
6.05 


236 
843 
1505 
1948 
2621 


253 
744 
1458 
1692 
2533 
3761 


224 
864 
1489 
1874 


187 
793 
1441 
1909 


292 
779 
1426 
2060 
2728 
2915 


212 
885 
1687 

2299 


232 
849 
1604 
1853 


274 
937 
1587 
2264 
2858 


213 
953 
1633 


244 
816 
1552 
1805 


310 
914 

1625 
2180 


334 
847 


355 
940 
1539 


254 
931 
1488 


From  Schneider  and  Clarke,  1928,  p.  67. 
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Table  9 

Observations  on  Expired  and  Alveolar  Air,  at  Sea  Level  and  at 
a  Barometric  Pressure  of  419  mm.  Hg.     (16,400  feet)* 


Subject 


N.L.K. 


Sea 
Level 


Alt, 


A.H. 


Sea 
Level 


Alt. 


W.S.McC. 


Sea 
Level 


Alt. 


Expired  Air 

Volume  per  minute,  liters 
Respirations  per  minute 
Carbon  dioxide  percentage 
Oxygen  percentage 

Alveolar  Air 

Carbon  dioxide  percentage 
Oxygen  percentage 
Carbon  dioxide  tension,  mm. 
Oxygen  tension,  mm.  Hg. 


Hg, 


8.06 
17 

3.15 
16.63 


5.66 
13.86 
38.5 
94.2 


7.02 
12 

5.16 
14.67 


8.24 
11.11 
30.6 
41.3 


8.06 
16 

3.02 
17.15 


5.67 
13.58 
40.5 
97.2 


9.10 
17 

5.41 
14.89 


8.58 
10.32 
31.9 
38.4 


8.62 
14 

2.98 
17.25 


5.43 
14.46 
38.7 
102.9 


9.12 
17 

4.58 
15.31 


7.83 
11.75 
29.1 
43.7 


From  Hurtado,  Kaltreider,  and  McCann,  1934,  p.  628. 
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Table  10 


Alveolar  Air  Pressures,  mm.  Hg. 
in  Low  Pressure  and  Flight  Experiments 
Reported  by  Various  Observers 


Observer 


C02 
Oo 


Altitude  in  feet 


4,000 


8,000 


11,000 


12,000 


15,000 


16,000 


20,000 


Low  Pressure 
Hasselbalch1 

Lutz2 
Dill3 

Hurtado* 

Flight 
Schneider5 

McFarland6 


CO. 


CO; 


CO. 


C02 
°2 


C02 
°2 

COo 


40.3 

39.7 
103.2 

41.4 
103.0 

39.2 
98.1 


40.9 
100.5 


37.0 
83.7 


35.3 
90.5 


36.2 
66.0 


35.7 
67.2 


33.6 


35.3 
66.9 


33.6 
53.3 


32.5 
58.1 


27.8 
48.0 


29.2 
49.8 


31.3 
42.6 


30.0 
34.8 


30.5 
41.1 


1  Hasselbalch  and  Lindhard  (1915a,  p.  289). 

2  Lutz  and  Schneider  (1919b,  p.  283). 

3  Dill,  Edwards  and  Robinson  (1939,  p.  6). 

4  Hurtado,  Kaltrieder,  and  LCcCann  (1934,  p.  628). 

5  Schneider  and  Clarke  (1926b,  p.  355). 

6  :..cFarland  and  Edwards  (1937,  p.  167). 


Clarke  (1926b),  and  McFarland  and  Edwards  (1937).    The  values  given  in 
Table  10  are  plotted  in  Figure  3.    It  will  be  seen  that  the  pressures 
of  alveolar  carbon  dioxide  agree  very  well  for  the  several  observations 
and  for  both  low  pressure  and  flight  experiments.    Although  there  is 
a  tendency  for  the  oxygen  pressure  to  be  slightly  higher  in  flight  than 
in  low  pressure  chambers,  the  agreement  is  good  for  both  methods.  These 
data  show  that  the  simulation  of  flight  in  low  pressure  chambers  pro- 
duces changes  in  alveolar  air  pressures  similar  to  the  changes  that 
take  place  during  actual  flight.    If  the  rates  at  which  the  pressure  and 
temperature  fall  are  taken  into  consideration,  it  is  valid  to  assume 
that  the  physiological  reactions  will  be  similar  in  low  pressure  chambers 
to  those  in  airplane  flights.    Schneider  and  Clarke  reported  that  the 
oxygen  pressure  rose  6.8  mm.  during  15  minutes  of  sustained  flight  at 
15,000  feet.    At  altitudes  above  8,000  feet  the  alveolar  oxygen  values 
(Fig.  4)  given  by  Armstrong  (1938)  are  higher  by  about  5  mm.  than  the 
values  in  Figure  3. 

Respiration  Rate.    The  respiration  rate  at  rest,  when  the  atmos- 
pheric pressure  is  reduced,  is  to  some  extent  an  individual  character- 
istic.   With  some  individuals  it  increases  slightly  as  indicated  by  the 
data  of  Hasselbalch  and  Lindhard  (1915a,  1915b),  Schneider  and  Clarke 
(1926a),  and  for  two  of  the  subjects  of  Hurtado,  et  al.  (1934).  One 
of  Hurtado's  subjects  had  a  decreased  rate  (Table  9),  and  Fleisch  (1926) 
(Table  11)  shewed  a  lower  rate  at  5000  feet  than  at  1000  feet,  but 
increased  rates  above  the  5000-foot  level.    As  altitude  increases, 
the  rate  usually  increases.      Schneider  and  Clarke  (1926a)  (Table  12) 
concluded  from  their  results  that  the  rate  is  not  affected 


Fig.  3.  The  Relation  of  Alveolar  Partial  Pressures  of  Oxygen  and 
Carbon  Dioxide  in  Low  Pressure  and  in  Flight  Experiments  to  Altitude 

(Data  from  Table  10) 


Fig.  4.  The  Relation  of  Alveolar  Oxygen  Partial  Pressures 
to  Altitude. 

(from  Armstrong,  1938,  p.  252) 


Table  11 


Respiration  Rate  and  Minute  Volume 
of  5  Subjects  at  Various  Barometric  Pressures1 


Barometer 

Altitude 

Respiration 
Rate 
per  min. 

Minute  Volume 

Unreduced 

Reduced 

mm.Hg. 

feet 

liters 

liters 

750 

1,000 

16.2 

7.9 

6.9 

630 

5,000 

15.9 

7.7 

5.8 

530 

10,000. 

16.4 

7.8 

4.9 

480 

12,000 

17.3 

7.8 

4.5 

430 

15,000 

17.4 

8.5 

4.3 

380 

18,000 

19.1 

10.2 

4.5 

330 

21,000 

22.4 

12.3 

4.7 

*  From  Fleisch,  1926,  p.  602. 


Table  12 

Minute  Volume  and  Respiration  Rate 
with  Various  Work  Rates  at  Lot?  Barometric  Pressures: 


Sea  Level 

10,000 
feet 

15,000 
feet 

20,000 
feet 

25,000 
feet 

Load 

Min. 
Vol. 

Resp. 

Rate 
per 
min. 

Min. 
Vol. 

Resp. 

Rate 
per 
min. 

Min. 
Vol. 

Resp. 

Rate 
per 
min. 

Min. 
Vol. 

Resp. 

Rate 
per 
min. 

Min. 
Vol. 

Resp. 

Rate 
per 
min. 

liters 

liters 

liters 

liters 

Liters 

0 

7.7 

15.7 

7.4 

15.3 

7.8 

15.0 

9.8 

15.3 

15.5 

22.9 

2,000 

21.1 

20.8 

23.2 

24.8 

25.5 

25.5 

28.7 

31.4 

34.1 

30.0 

4,000 

56.1 

24.7 

39.0 

30.6 

44.9 

31.5 

53.6 

35.7 

6,000 

48.7 

27.6 

55.7 

33.8 

59.7 

35.6 

69.3 

40.0 

*  Schneider  and  Clarke,  1926a,  p.  298. 
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decidedly  at  rest,  but  that  at  work  there  is  a  linear  relationship  of 
rate  to  frequency  of  load.    Lutz  and  Schneider  (1919b)  stated  that  when 
the  reduction  in  pressure  is  gradual,  the  rate  of  respiration  is  not 
affected;  when  the  reduction  is  sudden,  the  rate  of  respiration  is  in- 
creased. 

Minute  Volume.    The  volume  of  air  breathed  per  minute  is  not 
increased  with  some  people  until  the  altitude  reaches  11,000  or  12,000 
feet  (Table  9  and  Table  11),  but  in  general  the  minute  volume  begins 
to  increase  at  4,000  feet.    Lutz  and  Schneider  (1919a)  found  an  in- 
crease in  minute  volume  of  55  per  cent  at  19,000  feet;  Hurtado,  et  al. 
(1934)  show  a  slight  increase  at  16,000  feet;  Schneider,  Truesdell,  and 
Clarke  11925)  reported  an  increase  of  from  7.0  to  9.4  liters  per  minute 
immediately  on  arriving  at  20,000  feet,  and  at  the  end  of  45  minutes 
a  slight  increase  to  9.6  liters.    The  values  of  Fleisch  (1926-) 
(Table  11)  are  increased  56  per  cent  at  21,000  feet.    Although  the  vol- 
ume of  the  ventilating  air  is  greatly  increased,  the  volume  of  the  air 
reduced  to  0°  C.  and  760  mm.  is  smaller  than  at  sea  level,  32  per  cent 
at  21,000  feet.    In  a  plane  flight  to  15,000  feet  Schneider  and  Clarke 
(1926b)  noted  that  some  subjects  increased  their  ventilation  at  from 
2,000  to  3,000  feet,  and  others  not  until  10,000  feet  was  reached. 

During  exercise  or  work,  the  minute  volume  is  increased  at  high 
altitudes.    The  increase  at  20,000  feet  is  from  36  to  48  per  cent. 
The  increase  in  volume  is  approximately  proportional  to  the  rate  of 
work  for  a  given  altitude,  but  at  the  rate  of  6000-foot  pounds  the 
proportion  can  not  be  maintained,  as  the  vork  is  already  a  tax  on  the 


system.    According  to  Benzinger  and  Konig  (1938),  muscular  work  causes 
over- compensation  in  the  respiratory  volume. 

Oxygen  Consumption*    The  data  of  Hasselbalch  and  Lindhard  (1915a, 
1915b),  Schneider  and  Clarke  (1926a),  and  Schneider  and  Truesdell  (1924) 
are  in  agreement,  indicating  that  the  oxygen  consumption  at  rest  is  not 
altered  significantly  by  changes  in  atmospheric  pressure,  up  to  15,000 
feet.    Schneider  and  Clarke  ±owed  that  as  the  altitude  becomes  20,000 
to  25,000  feet  the  oxygen  consumption  increases,  at  25,000  feet  being 
about  double  the  sea  level  value.    These  authors  also  studied  the  effect 
of  work  on  the  metabolism.    During  work  there  is  an  increased  oxygen 
consumption,  the  increase  being  proportional  to  the  increase  in  altitude. 

Pulse  Rate.    As  the  reaction  of  external  respiration  to  flight  or 
low  pressure  has  been  considered,  the  reactions  of  the  circulatory 
system  will  be  considered.    The  easiest  phenomenon  to  observe  is  the 
pulse.    The  general  trend  of  the  data  is  that  the  pulse  increases  as 
the  altitude  increases.    The  increases  usually  start  at  about  4,000 
feet.    Observations  of  pulse  are  reported  by  Hasselbalch  and  Lindhard 
(1915a,  1915b),  Lutz  and  Schneider  (1919a),  Gregg,  Lutz,  and  Schneider 
(19]9b),  and  Schneider  and  Truesdell  (1924).    In  flight,  at  11,000  feet, 
KcFarland  and  Edwards  ( 1937 )  reported  that  in  the  reclining  position  the 
pulse  was  10  beats  faster  at  9,500  feet  than  at  sea  level,  but  in  the 
standing  position  there  was  not  much  change.    Also  "as  the  flight  pro- 
gressed, there  was  a  tendency  for  the  pulse  rate  to  show  greater  in- 
crease after  exercise  and  a  longer  time  (in  seconds)  for  the  pulse  to 
return  to  the  norr.al  standing  rate." 


Blood  Pressure.    At  a  simulated  altitude  of  18,000  feet  Lutz 
and  Schneider  (1919a)  found  there  was  no  significant  change  in  the 
systolic  blood  pressure,  but  that  the  diastolic  pressure  fell  4  to 
28  mm.    The  pulse  pressure  increased  inversely  with  the  diastolic  fall. 
McFarland  and  Edwards  (1937)  reported  that  during  flight  at  8,000  feet 
the  systolic  pressure  is  124,  and  the  diastolic  pressure,  73  mm.  At 
sea  level  the  values  were  123  and  71  mm.  (non-basal  condition).  Under 
basal  condition,  the  values  at  sea  level  were  113  and  73  mm.    Since  in 
the  plane  the  condition  was  probably  non  basal,  there  was  no  significant 
change.    When  standing  in  the  plane,  these  authors  found  systolic 
pressure  of  123  and  diastolic  pressure  of  77  mm. ,  compared  with  non-basal 
standing  at  sea  level  of  122  and  76  mm.    The  basal  sea  level  values  for 
standing  were  119  and  82  mm.    Here  again  the  values  are  essentially  the 
same  as  the  non-basal,  sea-level  values.    Armstrong  (1938)  reports  no 
change  in  blood  pressure  at  the  12,000-foot  level. 

Cardiac  Output.    Due  to  inability  to  measure  the  cardiac  output 
by  direct  means,  concrete  evidence  of  the  alteration  of  this  function 
is  lacking.    Hasselbalch  and  Lindhard  (1915b)  reported  an  increase  in 
the  heart  minute  volume  at  high  altitudes.    Lutz  and  Schneider  (1919a) 
stated  that  from  their  results  there  is  evidence  that  the  blood  flow 
increases  at  altitudes.    However,  on  the  basis  of  blood  flow  measure- 
ments in  the  hand,  Schneider  and  Truesdell  (1924)  did  not  believe  that 
there  was  an  increase  in  the  cardiac  output.    McFarland  and  Edwards 
(1937)  computed  the  blood  minute  volume  index  from  the  pulse  rate  and 
the  pulse  pressure  for  their  flight  at  9,500  feet.    At  rest,  during 
flight,  the  value  was  3765  whereas  it  was  3265  at  sea  level.  Standing, 
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during  flight,  the  blood  minute  volume  index  was  4063  and  3437  at  sea 
level. 

Red  Blood  Cell  Count.    The  data  indicate  that  there  is  an  increase 
in  the  number  of  red  blood  cells,  even  during  the  short  time  in  low 
pressure  chambers  or  during  flight.    Lutz  and  Schneider  (1919a)  found, 
on  the  average,  an  increase  of  6.5  per  cent  at  altitudes  of  15,000  to 
18,000  feet  for  periods  of  from  one  to  two  and  one  half  hours,  hurtado, 
et  al.  (1934)  gave  values  of  5.51  million  at  sea  level  and  6.45  million 
at  16,000  feet  after  50  to  80  minutes.    In  their  Pacific  Flight,  McFarlanc 
and  Edwards  (1937)  noted  5.53  million  at  8,000  feet  during  a  seven-hour 
flight,  compared  with  5.00  million  6  days  after  return  to  sea  level. 

In  experiments  to  determine  if  the  daily  exposure  to  low  barometric 
pressures  or  plane  flights  for  short  periods  produces  any  acclimatiza- 
tion or  change  in  the  red  blood  count,  Armstrong  (1938)  subjected  men 
to  a  simulated  altitude  of  12,000  feet  for  4  and  7  hours  daily,  for 
27  days.    The  results  are  given  in  Fig.  5.    For  the  4-hour  group  there 
was  a  distinct  drop  on  the  second  day,  after  which  the  level  gradually 
returned  to  the  normal  value.    For  the  7-hour  group  there  was  also 
a  drop  during  the  first  few  days  but  thereafter  the  level  rose  slowly 
but  steadily  during  the  exposure.    Thus  the  4-hour,  daily  exposure 
did  not  increase  the  red  cell  count,  but  after  an  initial  decrease 
the  7-hour  daily  exposure  steadily  increased  the  count. 
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to  12,000  feet  Altitude  on  the  Red  Blood  Cells  and  Hemoglobin  of 
Human  Subjects. 

(from  Armstrong,  1938,  p.  290) 
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Hemoglobin.    In  a  long  exposure  experiment  of  Hasselbalch  and 
Lindhard  (1915b)  the  hemoglobin  changed  from  118  per  cent  to  115  per 
cent  on  the  first  day.    Gregg,  Lutz,  and  Schneider  (1919a)  found  an 
average  increase  of  4  per  cent  in  experiments  at  15,000  to  18,000  feet 
for  40  to  60  minutes.    Kurtado,  et  al.  (1934)  showed  an  average  increase 
of  5.5  per  cent  for  their  subjects  after  60  to  70  minutes  at  16,000  feet. 

In  the  acclimatization  experiments  (at  12,000  feet)  of  Armstrong 
mentioned  above  (see  Fig.  5)  the  hemoglobin  rose  on  the  first  day  for 
both  the  4-hour  and  7-hour  group,    following  this  there  was  a  decrease, 
more  marked  with  the  short  exposure  than  with  the  7-hour  group.  Neither 
group  showed  any  tendency  to  increase  their  hemoglobin  measureably  above 
their  normal  level. 

Arterial  Saturation.    The  arterial  saturation  for  the  two  subjects 
of  Hurtado,  et  al.  (1934)  at  16,000  feet  is  68.3  and  74.2  per  cent  com- 
pared with  99.7  and  95.3  per  cent  for  the  same  men  at  sea  level.  These 
percentages  are  a  little  below  the  calculated  values  given  in  Fig.  4. 
The  values  found  by  iicFarland  and  Edwards  during  their  flight  at 
11,000  feet  averaged  90.1  per  cent.    Their  oxygen  tension  of  67  mm. 
applied  to  the  dissociation  curve  (Fig.  6)  from  Armstrong  shows  their 
findings  to  be  in  agreement  with  the  curve.    It  is  evident  from  calcu- 
lated saturation  values  given  in  Fig.  4  that  the  arterial  saturation 
decreases  rapidly  above  17,000  feet,  reducing  the  oxygen  available  to 
the  tissues. 
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Fig.  6.    Oxygen  Dissociation  Curve  of  Arterial  Blood, 
(from  Armstrong,  1938,  p.  290) 


Summary  and  Discussion  of  Physiological  Data  on  Breathing  Air 
Without  Oxygen  Enrichment.    As  one  ascends  in  an  airplane,  or  simulates 
the  ascent  by  a  reduction  of  the  barometric  pressure  at  a  similar  rate, 
many  of  the  physiological  changes  take  place  that  occur  when  one  climbs 
a  mountain.    In  flight,  these  changes  occur  in  a  matter  of  minutes 
instead  of  hours  or  days.    The  amount  of  activity  and  the  temperature 
of  the  atmosphere  are  frequently  different  in  a  plane  or  low  pressure 
chamber  from  conditions  found  on  mountains.    The  expired  air  increases 
in  carbon  dioxide  percentage,  and  decreases  in  oxygen  percentage,  the 
changes  being  greater  with  higher  altitudes.    The  percentages  of  carbon 
dioxide  and  oxygen  in  the  alveolar  air  also  decrease.    The  partial 
pressures  of  both  oxygen  and  carbon  dioxide  in  the  alveolar  air  decreases 
the  magnitude  being  in  proportion  to  the  altitude.    At  20,000  feet  the 
pressures  of  carbon  dioxide  and  oxygen  are  approximately  30  mm.  and 
35  mm. ,  respectively.    Although  the  data  are  confined  to  only  a  few 
measurements,  there  is  an  indication  that  the  oxygen  pressure  in  the 
alveolar  air  is  higher  in  planes  than  in  low  pressure  chambers  at  the 
same  barometric  pressure.    When  on  mountains,  the  oxygen  pressure  in- 
creased when  work  was  performed  due  to  a  proportionally  greater  increase 
in  minute  volume.    It  is  quite  possible  that  the  measurements  in  planes 
were  made  with  the  metabolism  at  a  higher  level  than  those  in  chambers, 
due  to  either  colder  environment  or  increased  nervous  tension.    If  so, 
the  accompanying  increased  ventilation  would  tend  to  produce  a  higher 
alveolar  oxygen  pressure. 
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The  decrease  in  alveolar  partial  pressures  of  both  oxygen  and 
carbon  dioxide  have  antagonistic  influences  on  the  respiratory  center. 
As  a  result,  at  altitudes  up  to  12,000  to  15,000  feet    some  individuals 
have  a  decreased  respiration  rate  and  some  an  increased  rate,  and  for 
others  the  respiration  rate  remains  unchanged.    Above  this  altitude 
there  is  nearly  always  an  increase  in  the  frequency  of  breathing, 
and  at  20,000  to  25,000  feet  increase  in  respiration  rate  is  general. 
Tftien  work  is  performed  at  a  given  altitude,  the  increase  in  respiration 
rate  is  essentially  in  linear  relation  to  the  load,  and  at  a  given  work 
rate  the  respiration  rate  increases  with  increase  in  altitude.  The 
depth  of  respiration  may  increase  at  altitudes  below  15,000  feet  even 
when  the  rate  is  not  altered.    The  result  is  an  increase  in  the  minute 
volume  of  the  ventilating  air.    Change  in  the  minute  volume  is  not  pro- 
portional to  change  in  altitude.    In  some  cases  there  is  an  increase 
at  4,000  feet,  while  in  others  there  is  no  increase  in  the  ventilating 
air  until  11,000  or  12,000  feet  is  reached.    Above  this  altitude  there 
is  a  general  increase  in  the  minute  volume.    During  r.uscular  work  the 
minute  volume  is  increased  even  at  low  altitudes,  the  increase  being 
approximately  proportional  to  the  amount  of  work  performed.    The  low 
oxygen  tension  in  the  arterial  blood  evidently  causes  increased  excita- 
bility of  the  respiratory  center,  sufficient  to  more  than  counteract 
the  decreased  stimulus  due  to  lowered  carbon  dioxide  tension.  Hence 
an  increased  lung  ventilation  is  produced. 
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It  is  the  opinion  of  some  that  the  increase  in  volume  of  respira- 
tion during  work  is  overcompensative.    Despite  the  increase  in  the 
volume  of  the  ventilating  air,  the  number  of  molecules  of  air  or  oxygen 
taken  into  the  lungs  is  less  than  at  sea  level.    In  other  words,  the 
volume  of  the  ventilating  air  reduced  to  standard  conditions  (0°  C. 
and  760  mm.  of  Hg. )  is  less  at  altitudes  than  the  volume  (reduced)  at 
sea  level. 

In  spite  of  a  lower  quantity  of  oxygen  available,  the  volume  of 
oxygen  consumed  at  altitudes  up  to  15,000  feet  is  not  changed.  Above 
this  altitude  the  oxygen  consumption  increases  and  at  25,000  feet  the 
metabolism  is  approximately  doubled.  When  one  is  working,  the  oxygen 
consumption  is  increased  above  that  required  for  the  same  work  at  sea 
level,  the  increase  becoming  more  pronounced  as  the  altitude  increases. 

The  responses  of  the  internal  respiratory  system  cause  an  increase 
in  the  pulse  rate,  commencing  at  altitudes  above  4,000  feet.  The 
systolic  blood  pressure  is  not  changed,  but  the  diastolic  pressure  drops 
LcFarland  and  Edwards  noted  no  significant  blood  pressure  changes  in 
their  flight  at  8,000  feet.    There  is  little  evidence  on  the  course  of 
the  cardiac  output,  but  it  is  probable  that  it  increases  with  ascent. 
The  number  of  red  cells  is  noticeably  increased  even  by  flight  of  short 
duration.    The  values  found  by  different  investigators  vary  from  an 
increase  of  6.5  per  cent  to  16.5  per  cent  for  stays  up  to  80  minutes 
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at  altitudes  of  15,000  to  18,000  feet.    Hemoglobin  percentage  also 
increases  during  the  period  of  flight.    At  16,000  feet  the  hemoglobin 
increases  approximately  5  per  cent.    The  arterial  saturation  is  lowered 
to  90  per  cent  at  about  10,000  feet,  to  80  per  cent  at  17,000  feet,  and 
above  this  altitude  falls  rapidly.    It  is  evident  that  the  circulatory 
system  attempts  to  compensate  for  the  lack  of  adequate  oxygen  supply. 
Gregg,  Lutz,  and  Schneider  11919c)  classified  the  methods  of  compensa- 
tion observed  at  15,000  to  18,000  feet  as  follows,  "(a)  those  in  which 
the  pulse,  after  maintaining  a  high  rate  for  a  while,  retarded  slowly 
and  the  percentage  of  hemoglobin  increased,  55  per  cent;  lb)  those  in 
which  the  pulse  after  a  primary  rise  maintained  a  constant  rate  while 
the  hemoglobin  increased,  19  per  cent;  (c)  those  in  which  the  pulse  rate 
after  the  primary  rise  remained  constant  and  in  which  the  hemoglobin 
did  not  increase  17  per  cent;  (dj  those  in  which  the  pulse  rate  after 
a  primary  rise  retarded  and  the  hemoglobin  did  not  increase  9  per  cent." 

Armstrong  studied  the  possibility  of  acclimatization  to  altitude 
by  daily  flights,  for  periods  of  4  and  7  hours  at  an  altitude  of  12,000 
feet.    The  4-hour  group  did  not  show  any  indication  of  increasing  the 
red  cell  count  or  the  hemoglobin  percentage.    The  7-hour  group  increased 
the  red  cell  count  a  little,  with  no  marked  change  in  the  hemoglobin. 
Armstrong  concludes  that  at  least  7  hours  daily  are  required  to  obtain 
acclimatization  of  a  positive  nature. 

In  comparing  the  respiration  during  flight  with  that  during  high 
mountain  life,  it  is  found  that  the  same  general  trends  hold  for 
external  respiration.    The  chief  difference  is  in  the  alveolar  carbon 


dioxide  pressure.    At  20,000  feet  on  mountains  it  is  21  mm.,  and  during 
flight  it  is  30  mm.    This  may  be  in  part  the  result  of  the  acclimatiza- 
tion noted  on  mountains,  in  which  the  carbon  dioxide  pressure  decreased 
during  the  first  few  days.    In  the  internal  respiratory  system  the  pulse 
performs  the  first  adjustment,  and  in  the  course  of  an  hour  the  red  cell 
count  and  the  hemoglobin  have  increased.    The  immediate  changes  in  the 
blood  are  more  distinguishable  in  flight  than  on  high  mountains,  probably 
because  of  the  suddenness  with  which  the  body  is  subjected  to  the  new 
conditions.    The  increase  in  the  amount  of  hemoglobin  does  not  approach 
that  which  occurs  on  mountains  due  to  the  lack  of  sufficient  time  for 
making  such  adaptation. 

Limit  to  Altitude  Tolerance  Without  Oxygen 
There  are,  according  to  Ruff  and  Strughold  (1939),  four  significant 
stages  in  physiological  reaction  to  altitude:  (1)  the  reaction  threshold 
at  about  6,500  to  10,000  feet;  (2)  the  disturbance  threshold,  13,000 
to  16,500  feet;  (3)  the  critical  threshold  at  roughly  20,000  to  26,500 
feet;  and  (4)  the  lethal  threshold,  which  is  a  function  of  time  after 
the  critical  threshold  has  been  passed.    At  first  the  body  reacts  to 
lower  oxygen  availability  by  simple  stimulation,  as  it  does  to  greater 
oxygen  need  at  sea  level.    As  the  conditions  become  more  severe,  the 
body  augments  its  first  means  of  protection  by  calling  into  play  aux- 
iliary mechanisms  to  provide  the  oxygen  needed.    7ftien  these  combined 
efforts  are  no  longer  sufficient,  the  body  begins  to  "lose  ground"  and, 
if  this  continues,  convulsions  will  set  in  followed  by  death.  Several 
factors  control  the  altitude  at  which  these  reactions  occur,  the  main 
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ones  being:  the  speed  at  which  the  ascent  is  made,  the  time  for  which 
the  altitude  is  maintained,  the  activity  or  metabolic  rate  of  the 
individual,  end  individual  factors  of  age,  sex,  physical  and  psychologi- 
cal conditions,  lack  of  sleep,  and  disease.    The  first  two  factors  of 
rate  of  ascent  and  duration  of  stay  are  clearly  illustrated  by  Fig.  7, 
plotted  from  data  given  by  Armstrong  (1938).    From  this  it  is  apparent 
that,  at  a  rate  of  ascent  of  5,000  feet  per  minute,  one  can  go  to 
15,000  without  "loss  of  efficiency".    From  here  to  30,000  feet  there 
is  a  progressive  loss  of  efficiency,  and  when  30,000  feet  is  reached 
unconsciousness  is  complete.    At  slower  rates  of  ascent  the  initial 
anoxic  effects  begin  at  lower  altitudes,  with  unconsciousness  likewise 
occurring  at  lower  altitudes.    When  the  ascent  is  made  very  gradually 
(100  feet  per  minute),  the  first  effects  are  noted  at  9,000  feet.  The 
three  lower  curves  indicate  that  the  longer  the  flight  the  lower  the 
altitude  which  can  be  tolerated,  or  as  commonly  stated,  "the  lower  the 
ceiling."    It  is  quite  evident  that  an  increase  in  the  activity,  or 
an  additional  requirement  of  oxygen,  will  bring  about  failure  of  the 
respiratory  mechanism  earlier. 

It  is  strikingly  demonstrated  by  Boothby,  Lovelace,  and  Burchell 
(1941)  that  if  one  removes  his  oxygen  mask  at  35,000  feet  and  breathes 
the  atmosphere,  unconsciousness  develops  in  35  to  40  seconds.  Armstrong 
(1938)  states  that  coma  sets  in  after  90  seconds  at  30,000  feet  and 
after  50  seconds  at  38,000  feet.    Therefore,  in  flight,  man  can  not 
remain  conscious  at  altitudes  of  30,000  feet.     It  is  impossible  to 
state  the  exact  limit  for  man  to  exist  during  flight,  but  Ruff  and 
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Fig.  7.  The  Relation  between  the  Effects  of  Altitudes 
and  the  Rate  of  Ascent  to,  and  the  Duration  of  Exposure  at 
Various  Altitudes. 

(from  Armstrong,  1938.    Plot  of  Table  22,  p.  262) 


Strughold  (1939)  state  "that  only  a  mask  offers  safety  above  23,000 
feet."    Armstrong  claims  that  one  can  remain  at  25,000  feet  for  only 
20  to  30  minutes.    BehnJce  and  V/illmon  (1941)  quote  military  regulations 
as  requiring  the  use  of  oxygen  equipment  for  all  flights  above  15,000 
feet,  for  all  flights  of  2  hours  or  over  at  12,000  to  15,000  feet,  and 
for  all  flights  at  10,000  feet  in  excess  of  6  hours. 

If  we  set  15,000  feet  as  the  limit  at  which  the  respiratory  system 
can  adequately  supply  the  body,  safe  ascent  to  altitudes  in  excess  of  this 
requires  that  the  body  have  aid  to  obtain  sufficient  oxygen  for  carrying 
on  its  normal  physiological  processes.    This  can  be  readily  carried  out 
by  supplying  oxygen  to  the  air  breathed. 
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Physiological  Data  on  Breathing  Air  Enriched  with  Oxygen 
and  on  Breathing  Pure  Oxygen 


Breathing  Air  Enriched  with  Oxygen.    Air  enriched  with  oxygen  is 
commonly  used  to  overcome  the  difficulties  of  respiration  and  the  danger 
to  life  at  high  altitudes,  during  flight,  and  conditions  simulating 
flight.    The  reaction  of  the  respiratory  system  to  altitude,  when  the 
partial  pressure  of  oxygen  in  the  inspired  air  is  maintained  at  the  sea 
level  value  of  159  mm.,  is  shown  by  the  data  of  Butler,  Wilson,  Smith, 
and  Farber  (1941),  given  in  Table  13.    It  will  be  noted  that  it  is 
possible  to  maintain  the  total  oxygen  partial  pressure  at  159  mm.  only 
up  to  37,500  feet.    In  these  experiments  the  alveolar  air  was  studied 
up  to  27,700  feet.    Alveolar  carbon  dioxide  partial  pressure  was  main- 
tained normal  up  to  this  level.    Alveolar  oxygen  partial  pressure  was 
maintained  at  100  up  to  17,000  feet,  but  above  this  it  slowly  declined. 
Their  calculated  values  for  alveolar  oxygen  pressure  agree  well  with  the 
pressures  actually  obtained.    At  37,500  feet  with  pure  oxygen,  although 
the  total  pressure  in  inspired  air  is  159  mm. ,  the  pressure  in  the  lungs 
will  not  be  159  mm.  of  oxygen,  as  47  mm.  must  be  allowed  for  water  vapor. 
Data  using  pure  oxygen  will  be  discussed  later. 

Low  pressure  experiments  by  Winterstein  (1934a),  in  which  the  oxygen 
partial  pressure  of  the  air  was  regulated  to  maintain  160  mm. ,  showed  a 
decrease    in  the  minute  volume  of  11  per  cent  at  25,000  to  27,000  feet. 
Also  the  carbon  dioxide  pressures  were  lower,  by  about  5  mm.,  than  they 


were  an  hour  to  an  hour  and  a  half  after  restoration  of  the  barometric 
pressure  to  normal.    The  alterations  noted  by  Winterstein  in  carbon 

dioxide  pressure  and  lung  ventilation  rate  are  in  variance  with  Butler's 
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Table  13 


Alveolar  Oxygen  and  Carbon  Dioxide  Pressures 
at  Atmospheric  Pressures  Corresponding  to 
Various  Altitudes  when  the  Oxygen  Atmospheric  Pressure  is 
Maintained  at  the  Sea  Level-Value* 


Total 
A+.rno  s  nViPT"i  c 
Pressure 

Calculated 
Alveolar 

Observed 
Alveolar  Pressures 

Oxygen 
Pressure 

Oxvffen 

Carbon  Dioxide 

feet 

mm.Hg. 

mm.Hg. 

mm.Hg. 

mm.Hg. 

0 

759 

104 

100 

40 

6,000 

600 

94 

105 

40 

11,000 

504 

96 

112 

59 

17,000 

400 

93 

100 

37 

19,000 

360 

93 

87 

40 

23,500 

300 

87 

84 

37 

27,700 

250 

81 

79 

39 

32,500 

200 

77 

37,500 

159 

67 

40,000 

140 

48 

*  Prom  Butler,  Wilson,  Smith,  and  Farber,  1941,  p.  255. 


data.    According  to  Butler  et  al.  (1941),  the  alveolar  partial  pressure 
of  carbon  dioxide  is  maintained  normal  up  to  27,700  feet  by  maintaining 
a  partial  pressure  of  oxygen  in  the  inspired  air  at  159  mm.    It  is 
reasonable  to  assume,  therefore,  th?.t  the  ventilation  rate    is  not  in- 
creased.   Likewise  with  these  alveolar  pressures  the  internal  respiration 
should  function  essentially  normally. 

Breathing  Pure  Oxygen.    The  use  of  pure  oxygen  at  altitudes  below 
34,000  feet  increases  the  alveolar  partial  pressure  of  oxygen  in  the 
lungs  to  above  that  normally  existing  at  sea  level.    This  is  illustrated 
by  the  work  of  Armstrong  and  Heim  (Armstrong,  1938),  given  in  Fig.  8. 
They  report  the  carbon  dioxide  partial  pressure  to  stay  constant  at 
36  mm.  up  to  40,000  feet.    The  alveolar  pressure  of  oxygen  (initially 
increased  due  to  breathing  pure  oxygen)  decreases  with  decrease  in  baro- 
metric pressure  and  upon  reaching  33,500  feet  it  is  about  100  mm.  YJhen 
a  40, 000- foot  level  is  reached,  the  oxygen  partial  pressure  is  about 
60  mm.    These  values  are  essentially  the  same  as  those  reported  by 
Dill  (1942),  given  in  Table  14.    The  arterial  saturation  of  the  blood 
(see  Fig.  8)  is  higher  than  the  normal  saturation  of  the  blood,  when 
the  subject  is  at  sea  level  and  breathing  air.    Armstrong  contended  that 
the  arterial  saturation  at  33,000  feet  should  be  normal  since  the  alveolar 
partial  pressure  is  normal.    Experimentally  he  found  that  it  was  slightly 
below  normal  at  this  altitude.    At  altitudes  of  36,000  to  37,000  feet 
the  saturation  begins  to  fall  off  more  rapidly,  and  at  40,000  feet  it 
is  88  per  cent.    For  a  resting  condition  at  40,000  feet  the  oxygen  pres- 
sure must  be  adequate  for  normal  respiration,  as  the  partial  pressure 
of  carbon  dioxide  is  normal.    If  it  were  not  sufficient,  it  is  reasonable 


Fig.  8.    The  Average  Oxygen,  Carbon  Dioxide,  and  Nitro- 
gen Partial  Pressures  in  the  Alveolar  Air  and  the  Oxygen 
Saturation  of  Arterial  Blood  while  Breathing  Essentially 
Pure  Oxygen  at  Various  High  Altitudes. 

(from  Armstrong,  1938,  p.  319) 
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Table  14 


Alveolar  Air  Pressures  when  Breathing  Air  at  Sea  Level 
and  Pure  Oxygen  at  Reduced  Atmospheric  Pressures* 


Breathing  Air 
at  Sea  Level 

Breathing  Pure  Oxygen 

At  30,000  Ft. 

At  40,000  Ft. 

Total  Pressure 

Partial  Pressures 

Alveolar  water  vapor 

Alveolar  carbon  dioxi 

Alveolar  oxygen 

Alveolar  nitrogen 

ram.  Hg. 
760 

47 

de  40 
100 
573 

mm.  Hg. 
225 

47 
40 
138 
0 

mm.  Hg. 
142 

47 
38 
57 
0 

*  From  Dill,  1942,  p.  452 


to  expect  an  increase  in  minute  volume  with  a  subsequent  lowering  of  the 
carbon  dioxide  pressure. 

Experiments,  in  which  I  participated,  (Table  15)  showed  that  at  sea 
level  the  alveolar  carbon  dioxide  pressures  v/ere  lower  when  pure  oxygen 
was  breathed  than  when  air  was  breathed.    The  carbon  dioxide  pressure  is 
slightly  higher  at  altitudes.    A  controlled  work  rate  at  a  given  alti- 
tude caused  an  increase  in  the  carbon  dioxide  partial  pressures  of  from 
6  to  11  mm.  above  the  values  for  rest.    The  alveolar  oxygen  partial 
pressure  at  sea  level  was  increased  several  fold  by  breathing  pure  oxygen. 
This  causes  a  decrease  in  the  minute  volume  and  a  decrease  in  the  pulse 
rate.    The  oxygen  partial  pressures  are  based  on  the  assumption  that  the 
partial  pressure  of  water  vapor"  in  the  lungs  remains  at  47  mm.    At  sea 
level  and  when  pure  oxygen  was  breathed,  the  oxygen  partial  pressures 
during  work  were  lower  by  15  mm.  than  the  rest  values,  but  at  37,000  feet 
they  were  only  4  mm.  lower. 

Altitude  Ceiling  Using  Oxygen 

The  limit  of  altitude  to  which  man  can  go  while  breathing  oxygen, 
at  the  existing  pressure,  is  undoubtedly  below  50,000  feet.    At  40,000 
feet  the  total  atmospheric  pressure  is  141  mm.  (Fig.  1).    The  partial 
pressure  of  water  vapor  in  the  lungs  is,  to  the  best  of  our  knowledge, 
47  mm.     If  a  partial  pressure  of  carbon  dioxide  of  38  mm.  is  assumed, 
theoretically  the  total  oxygen  pressure  in  the  alveoli  is  56  mm.  at 
40,000  feet.     Dill  (1942)  reports  an  oxygen  pressure  of  57  mm.,  based 
on  the  assumption  that  the  water  vypor  pressure  was  47  mm. ,  at  this  same 
altitude. 
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Table  15 

Alveolar  Partial  Pressures  in  Low  Pressure  Chamber* 


Altitude 

Inhaling 

Alveolar  Partial  Pressures 

Rest 

Work 

Carbon  Dioxide 

Oxygen 

Carbon  Dioxide 

Oxygen 

feet 

mm.  Hg. 

mm.  Hg. 

mm.  Hg. 

mm.  Hg. 

0 

Air 

37.5 

100 

0 

Oxygen 

34.5 

664 

43.5 

649 

10,000 

Oxygen 

36.0 

433 

47.0 

424 

20,000 

Oxygen 

38.0 

259 

45.0 

253 

30,000 

Oxygen 

36.5 

141 

42.5 

139 

37,000 

Oxygen 

35.0 

78 

41.0 

74 

*  3  to  7  measurements  on  from  3  to  5  subjects 


The  maximum  altitude  is,  in  part,  dependent  on  activity,  for  it  has 
been  shown  that  activity  decreases  the  oxygen  partial  pressure. 

It  has  been  pointed  out  earlier  that  the  rate  of  ascent  and  the 
length  of  time  spent  at  the  altitude  also  are  limiting  factors  of  ascent. 

From  Figure  8  it  is  seen  that  the  arterial  saturation  falls  rapidly 
as  the  altitude  of  40,000  feet  is  approached.    Probably  the  lowest 
arterial  saturation  safe  for  man  at  high  altitudes  is  80  per  cent.  Just 
how  rapidly  the  saturation  will  reach  this  level  is  not  known. 

Another  factor  to  be  considered  as  a  limitation  to  the  altitude 
to  which  man  can  ascend  is  the  change  in  the  vital  capacity.  Eckman 
and  Barach  (1942)  have  shown  that  this  decreases  from  4.57  liters  at 
sea  level  to  3.88  liters  at  35,000  feet  in  unheated  conditions,  and 
from  5.04  to  4.67  liters  in  heated  conditions.    The  cause  for  the  de- 
crease in  vital  capacity  is  probably  the  prevention  of  descent  of  the 
diaphragm  by  the  abdominal  distension  experienced  when  ascent  to  alti- 
tude is  made  quickly.    It  is  probable  that  the  result  of  the  reduced 
vital  capacity  will  not  affect  respiration  at  rest  but  will  limit  the 
amount  of  work  or  activity  that  can  take  place  at  high  altitudes. 

The  problem  of  aeroembolism  (the  formation  of  nitrogen  bubbles  in 
various  body  tissues  and  fluids,  due  to  large  decreases  in  the  atmos- 
pheric pressure,  which  prevent  circulation)  is  at  least  indirectly  con- 
cerned with  respiration,  as  the  elimination  of  nitrogen  from  the  body  is 
effected  by  respiration.     The  onset  of  a  severe  case  of  bends  may  also 
cause  such  pain  that  the  normal  processes  of  respiration  are  upset,  and 
cyanosis  develops.    Instances  of  this  have  been  observed  personally  on 
subjects  at  40,000  feet.    There  is  also  the  possibility  of  coronary  or 
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of  pulmonary  embolism  which  may  cause  fatal  anoxia.    Fulton  (1941) 
claims  that,when  oxygen  is  breathed  from  the  ground  up,  the  onset  of 
bends  is  delayed. 

The  present  record  for  altitude  is  held  by  Donati  of  Italy  (reported 
by  Ruff  and  Strughold,  1939,  and  by  Armstrong,  1938).    On  September  28, 
1934,  he  attained  an  altitude  of  47,358  feet  in  an  unsealed  cockpit  air- 
plane.   It  is  stated  that  Donati  had  to  be  lifted  from  his  cockpit  and 
required  about  24  hours  to  regain  his  normal  physical  condition.    It  is 
undoubtedly  possible  for  selected  personnel  to  ascent  to  about  44,000 
feet  for  short  durations,  when  quiet. 

Breathing  pure  oxygen  maintains  the  partial  pressure  of  alveolar 
carbon  dioxide  essentially  normal  up  to  40,000  feet.    The  alveolar  oxygen 
partial  pressure  decreases  until  at  40,000  feet  it  is  about  57  mm. 
Because  at  this  altitude  activity  will  lower  the  oxygen  partial  pressure 
and  hence  the  arterial  saturation,  40,000  feet  can  be  set  as  the  safe 
altitude  limit  to  which  man  can  go,  with  the  aid  of  oxygen. 

Use    of  Masks  at  High  Altitude 

To  ascent  to  altitudes  above  15,000  feet  safely  in  non- pressurized 
planes,  it  is  necessary  to  use  oxygen  equipment.    This  is  generally  a 
mask  with  a  suitable  device  for  enriching  with  oxygen  the  air  breathed, 
or  a  means  of  supplying  sufficient  pure  oxygen  for  respiration.  Several 
masks  are  designed  for  or  are  adaptable  for  aviation,  and  are  capable 
of  supplying  either  air-oxygen  mixtures  or  pure  oxygen.    These  include 
the  masks  of  Boothby,  Lovelace,  and  Bulbulian  (1938),  j^arach  and  Eckman 
(1941),  Cowan  and  kitchell  (1942),  and  those  used  at  present  for  military 
flying.    Accessory  devices  for  obtaining  proper  oxygen-air  mixtures  are 


manually  controlled  or  are  automatic.    The  automatic  devices,  if  reliable, 
are  preferable  to  those  manually  controlled,  as  the  aviator  is  not  to 
be  depended  upon  to  detect  an  inadequate  supply  of  oxygen. 

For  use  at  altitudes  above  30,000  feet,  masks  should  meet  two  re- 
quirements.   They  should  be  absolutely  secure  and  tight,  and  they  should 
have  a  minimum  of  dead  space.    Although  at  altitudes  of  30,000  to  35,000 
feet  respiration  does  not  require  every  millimeter  of  the  inspired  air 
to  be  oxygen,  it  is  essential  that  no  nitrogen  be  breathed,  from  the 
standpoint  of  aeroembolism.    The  altitudes  above  35,000  feet  require 
every  millimeter  of  oxygen  possible.    Dead  space  will  cause  the  inspired 
air  to  contain  some  carbon  dioxide. 

It  has  frequently  been  suggested  that  carbon  dioxide,  if  supplied 
in  the  inspired  air,  would  stimulate  respiration  and  aid  in  supplying 
oxygen  at  high  altitudes.    If  the  inspired  air  contains  carbon  dioxide, 
the  carbon  dioxide  in  the  blood  can  be  eliminated  only  by  increasing 
the  minute  volume.    An  increase  in  lung  ventilation  will  increase  the 
oxygen  pressure  in  the  alveolar  air,  but  the  added  carbon  dioxide  which 
stimulated  the  increased  lung  ventilation  has  already  decreased  the 
initial  oxygen  pressure.    Hence  the  net  result  may  be  the  same  amount 
(or  less)  of  oxygen  in  the  alveolar  air  as  there  was  before  the  carbon 
dioxide  was  added.    Even  though  oxygen  pressure  were  the  same,  the  in- 
creased minute  volume  necessary  to  obtain  it  would  lessen  the  amount 
of  activity  possible,  because  activity  is  accompanied  by  increased  lung 
ventilation.    Therefore  additional  carbon  dioxide  in  the  inspired  air 
would  hinder  rather  than  aid  respiration  at  high  altitudes. 


If  appreciable  dead  space  is  present  in  a  mask,  since  dead  space 
necessitates  rebreathing  some  expired  air,  it  will  cause  inspiration  of 
carbon  dioxide.    This  is  disadvantageous,  as  has  just  been  pointed  out. 
Hence  dead  space  in  masks  should  be  reduced  to  a  minimum. 

For  long  flights  in  which  it  is  necessary  to  conserve  oxygen,  it  is 
necessary  to  use  air  enriched  with  oxygen  at  altitudes  below  32,000  feet. 
When  flight  is  to  be  primarily  at  this  altitude  or  above,  the  use  of  pure 
oxygen  from  the  ground  up  is  wise.    No  harmful  effects  of  breathing  pure 
oxygen  during  flight  have  been  noted.    For  fighter  aircraft  which  ascend 
rapidly  to  30,000  feet  or  higher,  it  is  desirable  to  use  pure  oxygen  from 
the  ground  up  as  oxygen  conservation  is  not  a  factor  and  aeroembolism  is 
delayed  or  prevented  by  eliminating  the  nitrogen  dissolved  in  the  body. 
Pressure  Enclosures  at  high  Altitudes 

If  the  atmospheric  pressure  surrounding  man  could  be  kept  at  approxi- 
mately a  sea  level  value  by  means  of  an  enclosure,  the  altitude  to  which 
he  could  ascend  would  be  dependent  only  on  the  ability  to  maintain  this 
condition.    This  has  been  done  by  two  devices,  by  pressurizing  the  cabin 
of  an  airplane,  and  by  wearing  a  suit  in  which  the  pressure  is  maintained 
as  desired.    The  first  is  the  more  practical,  but  both  have  been  used. 

Anthony  (1938)  describes  three  methods  of  providing  for  respiration 
in  sealed  cabins;  first,  by  maintaining  the  pressure  inside  the  cabin  at 
a  level  corresponding  to  the  atmospheric  pressures  from  sea  level  up  to 
15,000  feet;  second,  by  maintaining  an  oxygen  pressure  in  the  cabin  at 
160  mm.  or  higher;  and  third,  by  maintaining  the  pressure  in  the  cabin 
above  the  atmospheric  pressure  at  37,000  to  40,000  feet,  and  by  using  a 


mask  with  an  oxygen  supply.  The  first  two  methods  have  been  used  success- 
fully; no  data  are  available  on  the  third  method. 

Armstrong  (1938)  describes  the  first  successful  pressure-cabin  plane 
which  was  constructed  under  the  direction  of  the  United  States  Army  Air 
Corps.    This  employed  Anthony's  first  method,  that  of  controlling  the 
air  pressure. 

Oxygen-pressure  suits  were  used  by  the  British  Royal  Air  Force  in 
1937  to  ascend  to  53,937  feet.    The  record  balloon  flight  of  Stevens  and 
Anderson  in  1935  to  72,395  feet  (Stevens,  1936)  employed  a  pressurized 
gondola,  maintaining  the  oxygen  pressure  above  that  required  for  respi- 
ration. 

By  these  flights  it  is  shown  further,  that  respiration  at  altitudes 
is  primarily  a  problem  of  maintaining  sufficient  oxygen  supply.  When 
sufficient  oxygen  pressure  is  available,  respiration  does  not  limit  the 
altitude  to  which  man  can  ascend. 
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The  low  atmospheric  pressure  existing  at  high  altitudes  causes 
respiratory  difficulties  in  man.    On  mountains  there  is  an  alteration 
in  the  composition  of  the  expired  and  the  alveolar  air,  and  there  is 
a  lowering  of  the  partial  pressures  of  carbon  dioxide  and  oxygen  in  the 
alveolar  air  and  in  the  arterial  blood.    The  volume  of  air  breathed  is 
increased.    The  pH  of  the  blood  is  maintained  at  its  normal  level  by  action 
of  the  kidneys,    exercise  increases  the  lung  ventilation  sufficiently  to 
raise  the  pressure  of  oxygen  in  the  alveolar  air  and  thus  provide  for  the 
increased  oxygen  consumption.    The  cardiac  output  is  increased  and  the 
red  blood  cells  and  hemoglobin  are  increased.    These  two  latter  changes 
continue  for  a  number  of  weeks  and  are  a  means  of  adjusting  to  high 
altitude.    Altitude  does  not  seem  to  limit  the  activities  of  men  adapted 
to  high  altitude,  such  as  miners  in  the  Andes.    Their  chief  physiologi- 
cal alteration  appears  to  be  a  larger  surface  area  of  hemoglobin  enabling 
better  oxygen  transport  by  the  blood.    An  acclimatization  period  of  a 
few  months  has  enabled  man  to  ascend  to  within  a  thousand  feet  (28,000 
feet)  of  the  highest  mountain  peak.    Hence,  by  progressive  ascent  with 
residence  of  several  weeks  at  intermediary  altitudes,  man  can  exist  at 
all  mountain  heights. 

During  flight  and  conditions  simulating  flight,  the  atmospheric 
pressure  may  be  reduced  much  more  quickly  than  is  possible  on  mountain 
ascents,  and  the  pressure  reduction  may  be  much  greater.     The  composi- 
tion and  pressure  of  the  alveolar  air  are  altered  approximately  the  same 
as  on  mountains,  and  the  lung  ventilation  is  increased.    The  changes  in 
red  blood  cells  and  hemoglobin  content  noted  on  mountains  are  temporarily 


produced  but  only  partially  compensate  for  the  reduced  pressure. 

Respiration  is  efficient  to  10,000  to  15,000  feet,  and  man  can 
carry  on  for  an  hour  or  so  at  20,000  feet. 

By  breathing  air  in  which  the  partial  pressure  of  oxygen  is  main- 
tained above  160  mm.,  altitudes  up  to  32,000  feet  may  be  readily  attained. 
Above  this  level  the  water-vapor  pressure  of  the  lungs  prevents  the  main- 
tenance of  sea-level  oxygen  pressure  in  the  lungs.    By  the  use  of  pure 
oxygen,  altitudes  up  to  40,000  feet  may  be  endured  with  reasonable  safety 
and  respiration  can  be  maintained  within  limits  normal  at  sea  level. 

By  pressurizing  the  atmosphere  surrounding  man  and  maintaining  the 
oxygen  pressure  above  160  mm. ,  altitude  does  not  alter  respiration. 

The  data  presented  prove  that  respiratory  difficulties  at  high 
altitudes  are  caused  by  insufficient  oxygen  and  that  by  maintaining  an 
adequate  oxygen  pressure  in  the  inspired  air,  normal  respiration  is 
possible  at  high  altitudes. 
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ABSTRACT 

Kespiration  is  the  process  of  the  exchange  of  gases  between  the 
body  tissues  and  the  environment.    This  is  divided  into  external  and 
internal  respiration.    External  respiration  involves  the  passage  of  air 
through  the  respiratory  passages  and  into  the  alveoli  of  the  lungs, 
together  with  its  diffusion  through  the  lung  walls  and  into  the  blood. 
Internal  respiration  here  includes  the  chemical  and  physical  transport 
of  the  gases  by  the  blood,  the  circulation  of  the  blood,  and  the  exchange 
of  gases  between  the  blood  and  the  tissues.    Respiration  is  affected  by 
the  low  pressures  encountered  on  high  mountains  and  during  flight. 

The  regulation  of  respiration  is  controlled  by  the  nervous  system, 
regulated  by  impulses  from  the  respiratory  centers.    The  respiratory 
centers  respond  to  changes  in  the  tension  of  carbon  dioxide  and  oxygen 
of  the  arterial  blood.    Blood  tension  affects  respiration  both  by  direct 
response  of  the  center  itself  and  by  reflex  impulses  from  the  chemo- 
receptors  of  the  carotid  body  and  the  aortic  body.    Respiration  is  also 
altered  by  the  Hering-Breuer  reflexes,  impulses  caused  by  pressure  on 
the  pressoreceptors  in  the  carotid  sinus  and  in  the  aortic  arch,  and  by 
stretch  receptors  in  the  lungs. 

The  gas  tensions  of  the  arterial  blood  are  the  chief  regulators  of 
respiration.    An  increase  in  the  tension  of  carbon  dioxide  in  the  arterial 
blood  is  a  stimulus  to  respiration.    Appreciable  lowering  of  the  tension 
of  oxygen  in  the  arterial  blood  increases  the  excitability  of  the  respira- 
tory center.    Blood  gas  tensions  are  altered  by  the  level  of  the  metabo- 


lism,  the  dead  space  in  the  respiratory  system,  the  oxygen  utilization, 
and  changes  in  carbon  dioxide  and  oxygen  pressures  in  the  air  breathed. 

The  internal  respiration  utilizes  diffusion  of  gases  to  effect  the 
transfer  of  gases  into  the  blood  and  out,  aided  by  an  enzyme  carbonic 
anhydrase.    The  gases  are  carried  in  the  blood,  largely  in  chemical  combi- 
nation.   Carbon  dioxide  is  carried  as  a  bicarbonate  in  the  blood  plasma. 
Hemoglobin  in  the  red  cells  carries  the  oxygen  and  much  of  the  labile 
carbon  dioxide.    The  quantity  of  gases  carried  depends  upon  the  number 
of  red  cells  and  the  amount  of  hemoglobin,  the  degree  to  which  oxygen  is 
utilized,  and  the  rate  of  circulation.    These  factors  are  under  nervous 
control,  regulated  in  part  by  the  factors  altering  the  external  respi- 
ration. 

Respiratory  difficulties  at  high  altitudes  are  due  to  the  low  baro- 
metric pressures  encountered,  which  reduce  the  amount  of  oxygen  available 
to  the  body.    The  constant  water-vapor  pressure  in  the  lungs  i3  also  a 
factor  limiting  the  amount  of  oxygen  which  can  be  supplied  at  high  alti- 
tude.   Respiration  at  high  altitude  is  considered  in  two  parts;  first, 
respiration  on  high  mountains,  where  altitude  is  maintained  for  days, 
weeks,  or  longer;  and  second,  respiration  during  flight  and  conditions 
simulating  flight,  in  which  the  altitude  is  maintained  for  a  period  of 
minutes  or  hours. 

Ascending  high  mountains  causes  the  percentages  of  carbon  dioxide 
and  oxygen  in  the  expired  and  in  the  alveolar  air  to  change.     The  carbon 
dioxide  percentage  increases  and  the  oxygen  percentage  decreases  pro- 
gressively with  increase  in  altitude.    These  changes  are  more  pronounced 
during  muscular  exertion.    The  tensions  of  carbon  dioxide  and  of  oxygen 


in  both  the  alveolar  air  and  the  arterial  blood  are  lowered,  with  increases 
in  altitude,  from  40  mm.  and  102  mm.,  respectively,  at  sea  level,  to  21  nmu 
and  37  mm.  at  a  20,000-foot  elevation.    The  respiration  rate  is  not 
altered  consistently,  but  the  minute  volume  of  respiration  is  increased 
with  increase  in  altitude.    During  muscular  work  at  high  altitude  the 
minute  volume  is  higher  than  during  the  same  amount  of  work  at  sea  level. 
The  i.ainute  volume  increase  is  the  result  of  an  increase  in  the  excitability 
of  the  respiratory  centers  due  to  lowered  oxygen  tension,  sufficient  to 
more  than  counteract  the  smaller  stimulus  incurred  by  a  decreased  carbon 
dioxide  tension. 

Internal  respiration  is  affected  by  high  altitude.    The  red  cell 
count  and  the  hemoglobin  content  are  increased,  at  first  by  temporary 
means;  but  later  they  are  more  permanently  augmented.    The  hemoglobin  con- 
tent continues  to  increase  for  a  number  of  weeks.    Immediate  increase  in 
the  rate  of  circulation  aids  in  supplying  the  oxygen  required  until  blood 
changes  compensate  for  it.    The  oxygen  requirement  for  rest  is  essentially 
the  same  as  that  at  sea  level,  but  a  given  amount  of  work  requires  more 
oxygen  than  is  required  by  the  same  amount  of  work  at  sea  level. 

Residents  and  natives  at  high  altitude  are  acclimatized  to  altitude 
and  perform  muscular  tasks  with  less  respiratory  effort  than  sea  level 
residents  at  high  altitude.    The  best  explanation  of  adaptation  appears 
to  be  an  increase  in  the  surface  area  of  hemoglobin  present  in  the  blood 
of  natives. 

I.Ian,  after  becoming  acclimatized,  has  climbed  to  28,000  feet  on 
Llount  Everest,  but  respiration  is  labored  and  the  amount  of  exertion  is 


limited.    Oxygen  has  been  used  in  some  mountain  climbing  but  with  no 
appreciable  benefit.    This  is  probably  due  to  inadequate  oxygen  supply 
and  to  technical  difficulties. 

When  air  is  breathed  during  flight  and  in  simulated  flight  in  low 
pressure  chambers,  the  same  trends  noted  on  high  mountains  are  found.  The 
alveolar  partial  pressures  are  30  mm.  for  carbon  dioxide  and  35  mm.  for 
oxygen  at  an  altitude  of  20,000  feet.    The  more  permanent  acclimatiza- 
tion factors  are  not  found  during  flight  because  of  the  short  duration, 
and  even  the  immediate  adjustments  do  not  permit  altitudes  attainable 
on  mountains  to  be  reached  without  serious  difficulties. 

The  maximum  altitude  that  can  be  attained  when  air  is  breathed  is 
dependent  on  the  rate  of  ascent,  the  length  of  time  the  altitude  is  main- 
tained, and  individual  factors.    The  highest  safe  altitude  for  long  ex- 
posures is  probably  about  15,000  feet,  and  for  short  exposures  25,000  feet 
is  about  the  limit. 

By  using  oxygen,  sufficient  to  maintain  the  partial  pressure  in  the 
inspired  air  at  160  mm.  up  to  27,000  feet,  or  by  using  pure  oxygen  above 
32,000  feet,  the  partial  pressure  of  carbon  dioxide  in  the  alveolar  air 
can  be  maintained  at  36  to  40  mm.    Under  these  conditions  the  volume  of 
respiration  is  not  increased  above  normal  for  sea  level  and  internal 
respiration  is  probably  normal.    The  altitude  limit  for  flights  using 
oxygen  is  probably  below  50,000  feet,  the  present  record  being  47,358 
feet.    The  highest  recommended  height  is  40,000  feet.    The  breathing  of 
pure  oxygen  or  oxygen-rich  air  may  be  accomplished  by  the  use  of  masks. 
Masks  should  be  employed  at  10,000  feet  for  long  flights  and  at  15,000 


feet  for  all  flights.    For  flights  above  30,000  feet  it  is  desirable  to 
breathe  pure  oxygen  from  the  ground  up. 

By  using  pressure  enclosures,  maintaining  either  the  atmospheric 
pressure  at  sea  level  or  the  oxygen  pressure  at  sea  level,  respiration 
is  not  restricted  by  altitudes.    The  highest  altitude  to  which  man  has 
ascended  was  attained  in  a  balloon  with  a  pressurized  gondola,  in  which 
the  oxygen  pressure  was  maintained  above  the  sea  level  value  of  160  mm. 
The  altitude  of  72,395  feet  was  reached  in  this  flight  without  respiratory 
difficulty. 

The  data  presented  prove  that  respiratory  difficulties  at  high  alti- 
tude are  caused  by  insufficient  oxygen,  and  that  by  maintaining  an  ade- 
quate oxygen  pressure  in  the  inspired  air,  normal  respiration  is  possible 
at  high  altitudes. 
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